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ABSTRACT
The anodic o x id ation  o f  titanium, in  the m ajority  o f  e le c tr o ly te s  
(su lp h u r ic , phosphoric, "boric a c id , e t c .)  r e s u lt s  in  the form ation o f  a 
th in  homogeneous d ie le c t r ic  oxide f ilm  o f  titan ium  d iox ide (amorphous or 
c r y s t a l l in e ) . At constant current the p o te n t ia l in crea ses  w ith  in creasin g  
f ilm  th ick n e ss . I f  th e p o te n t ia l i s  then m aintained constant the io n ic  
current decreases ra p id ly  and th e current "becomes almost e n t ir e ly  
e le c tr o n ic . In  th ese  circum stances, provid ing film  "breakdown does not 
occur, f ilm  growth p r a c t ic a l ly  ceases and oxygen ev o lu tio n  becomes the  
predominant e lec tro d e  p ro cess .
In  ch lorid e  e le c tr o ly te s ,  however, f ilm  growth proceeds up to  a 
p o te n tia l o f  12-1A V. I f  th e  p o te n t ia l  i s  in creased  above t h is  value film  
breakdown occurs and titan iu m  ions pass in to  the e le c tr o ly te  and 
p r e c ip ita te  as titan ium  d io x id e . C orrosion o f  th e  titan ium  i s  confined  to  
a r e la t iv e ly  few, w id e ly  d isp ersed , sm all areas o f  th e m etal surface w ith  
th e consequent form ation o f gross p i t s  w h ile  the r e s t  o f  th e  su rfa ce , 
which i s  coated w ith  th e  i n i t i a l l y  formed anodic ox id e , remains p a s s iv e .
During a study o f  th e  anodic ox id a tio n  o f  titanium  in  various  
e le c tr o ly te s  i t  has been found th a t form ic a c id  (and formates) g ive r is e  
to  a phenomenon which does not appear to  have been reported p r e v io u s ly . 
W ithin a c er ta in  range o f  temperature and concentration  o f form ic a c id , 
f ilm  form ation (a t constant current) proceeds up to  a v o lta g e  o f  60 V, but 
as th e  p o te n tia l in crea ses  above th is  value very  f in e  p its ' are formed 
uniform ly over th e  m etal surface (m icrop ittin g) and sim ultaneously  
titanium  oxide i s  p r e c ip ita te d  from th e e le c t r o ly t e .  The p o te n t ia l  s lo w ly
in crea ses  to  120 V, in d ic a tin g  film  growth, and then remains p r a c t ic a lly  
constant and i f  anodizing i s  continued the p i t s  are propagated in to  the  
m etal to  a considerab le  depth. A m icroscop ica l exam ination o f  th e m etal 
surface during the i n i t i a l  stages o f  m icro p ittin g  has revea led  th a t  
d if fe r e n t  areas on th e  m etal surface have d if fe r e n t  in ter feren ce  colours  
showing th at the th ick n ess o f  the surface oxide i s  not uniform .
I f ,  however, the temperature o f  th e  e le c tr o ly te  i s  grea ter  than 50°C 
or i f  the concentration  i s  in  th e  range o f 70-96 per cent by  v o l form ic 
a c id , m icro p ittin g  does not occur and a homogeneous d ie le c t r ic  oxide film  
i s  formed. I t  should be observed th a t a t 25°C, a t  a concen tration  o f 96 
per cent form ic a c id , f ilm  form ation can proceed to  400 7  w ithout f ilm  
breakdown, whereas in  b o r ic  a c id  th e maximum form ation v o lta g e  i s  on ly
250 V .
At very high, concentrations o f form ic a c id  ( 96.5 per cent to  
concentrated) , a th ick  dark-yellow  non-adherent oxide forms on th e m etal 
su r fa c e .
The phenomenon o f m icro p ittin g  appears to  be confin ed  to  the  
titan ium -form ic a c id  system as s im ila r  r e s u lt s  could not be ach ieved  w ith  
niobium or zirconium . The mechanism o f  the phenomenon describ ed  i s  
d iscu ssed  and some te n ta t iv e  th eo r ie s  have been proposed to  exp la in  th e  
behaviour o f titan ium  during anodic p o la r isa t io n  in  formic a c id  a t various  
concen trations and tem peratures.
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GLOSSARY OF SYMBOLS AND TERMS
(The p o te n tia ls  given throughout the t e x t  do not rep resen t exact 
v a lu es . Values o f breakdown v o lta g e s  e t c .  should , th er e fo re , he  
regarded as approximate on ly .)
T i 130 com m ercially pure titan ium  ( i . C . I .  design ation )
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THE ANODIC OXIDATION OF TITANIUM
Introduction  and review  o f  previous work 
" T ‘CvziiW  ^ """""
The anodic o x id a tion  ofAm etals u su a lly  r e s u lt s  in  a h ig h ly  in su la t in g
film  o f th e  m etal ox id e , except in  the case o f  aluminium where i t  i s
p o ss ib le  to  produce a th ic k  porous oxide f i lm . B a rr ier  film s are formed
on aluminium in  most non-corrosive e le c t r o ly t e s ,  e .g .  b o ra te s , w hile  in
many corrosive  e le c tr o ly te s  ( e .g .  su lphuric a c id , o x a lic  a c id  or chromic
acid) a th ick  porous oxide f ilm  may b e  produced which has th e  property o f
absorbing o i l s ,  w axes, dyes e t c .
The purpose o f  the present work was to  study th e  anodic ox id ation  o f
titan ium  and in  p a r tic u la r  to  in v e s t ig a te  the p o s s ib i l i t y  o f producing
th ic k  porous oxide film s on titan ium , s im ila r  to  those produced on
aluminium. I t  was considered th a t th ese  film s on titan ium  might prevent
g a llin g  during fa b r ic a tio n , e .g .  drawing.
A survey o f  the l i t e r a tu r e  revea led  th a t b a r r ie r  f ilm s  were produced
on titan ium  in  most e le c tr o ly te s  and th ere  was l i t t l e  evidence th at a
tr u ly  porous film  has been obtained p r e v io u s ly . I t  was considered ,
however, th at th e  e le c tr o ly te  so lu tio n s  described  b y  Ridhaud ( l )  , M ille r ,
J e ffe r y s  and Pray (2) and I .C .I .  L td. ( 3) were o f  in t e r e s t  in  th is
conn ection . Ridhaud ( 1) formed anodic oxide film s on tita n iu m , using  20fo
by wt su lphuric a c id  a t  20°C and 18 V, but was mainly in te r e s te d  in
e le e tr o d e p o s it io n  of other m etals onto titan ium ; he a lso
stu d ied  phosphoric a c id . M ille r , J e ffe r y s  and Pray ( 2) formed anodic
oxide film s on titan ium  in  various a c id s  and a lk a l is  and found th a t th e
coating  w ith  the b e s t  a n t i-g a l l in g  p ro p er tie s  was formed in  3°/o sodium
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hydroxide a t  205 °F and 50 i / f t 2 , I .C .I .  L td. (3) claim  to  have obtained a 
coating w ith  good a n t i-g a l l in g  p ro p erties  by anodizing titan ium  in  a 
phosphoric/su lphuric a c id  so lu tio n  at room temperature and v o lta g es  o f  up 
to  110 V.
From the review  o f th e  l i t e r a tu r e  i t  appeared th a t previous workers 
had obtained film s  which th ey  had described  as porous on the b a s is  o f  o i l  
ab sorp tion . No d ir e c t  evidence o f  p o r o s ity  was g iven  and i t  i s  doubtful 
whether t h is  term could be ap p lied  to  the film s  obtained*
The m ajority  o f the work in  th e  l i t e r a tu r e  r e fe r s  to  the form ation o f  
a b a r r ier  type oxide film  e .g ,  Ma and Peres ( 4) used 15$ su lphuric a c id  a t  
3*6 A /in2 and 20°C, but were m ainly in te r e s te d  in  eva lu atin g  the corrosion  
r es is ta n c e  o f  anodized titanium  and d id  not perform a d e ta ile d  study o f  
th e  anodic ox id a tio n  o f titan iu m . The anodic o x id a tio n  o f titan ium  a t low- 
current d e n s it ie s  (1-100 pi/cm2) has been stu d ied  by Johansen, Adams and 
Van R ysselberghe ( 5) using  a b o r ic  acid/ammonia e le c tr o ly te  a t 25°C. H a ll  
and Hackerman (6) in v e s tig a te d  th e  anodic p o la r i2a t io n  o f titan ium  in  0 ,5 $  
sodium ch lorid e  a t  30 °C and an e lec tro d e  p o te n t ia l o f 10V and have used  
Haring*s ( 7) mechanism to  exp la in  the p i t t in g  o f titan iu m  by  c h lo r id e s ,
Bohm (8) stu d ied  the anodic ox id ation  o f  titan ium  in  potassium  hydroxide, 
sodium te tra b o ra te , su lphuric a c id  and chromic a c id , Johansen and Van 
Rysselberghe (9) stu d ied  th e  e lectroch em ica l k in e t ic s  o f th e  form ation o f  
anodic oxide on titan iu m , hafnium and tantalum  in  satu rated  ammonium 
borate  a t 25°C and low current d e n s i t ie s .
The film s  formed on titan ium  in  su lphuric a c id  a t 20 °G were undoubtedly 
non-porous«■ L d e ta ile d  study of t h is  e le c tr o ly te  in  the presen t work has
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esta b lish ed  th a t th ese  film s were o f th e b a r r ie r  type and had no 
s im ila r ity  w ith  th e  th ick  porous film s formed on aluminium. Cracks may 
have been p resen t, however, in  the anodic oxide as oxide film s  formed 
in  sodium hydroxide during the present work were found to  have a low  
breakdown vo ltage  due to  crack form ation,
The Oxides o f  Titanium
Titanium occurs n a tu r a lly  as the d iox id e  -which e x is t s  in  three  
c r y s ta ll in e  form s:- r u t i l e ,  anatase a n d b r o o k ite . Anatase m aybe 
prepared a r t i f i c i a l l y  by the h y d ro ly s is  o f  T iCl^ w h ile  r u t i l e  i s  obtained  
b y the h y d ro ly sis  of T±(SO^) 2 or T>y u sin g  TiC l^ in  th e  presence o f  th e  
su lp h ate . On h ea tin g , anatase and b rook ite  change to r u t i l e ,  but th e  
exact values o f  th e tr a n s it io n  tem peratures are u n certa in . R u tile  i s  
tetragonal in  stru ctu re  and contain s'T 120^, anatase i s  te tra g o n a l in  
stru ctu re  and contains Ti^Og, w h ile  b rook ite  i s  orthorhombic in  stru ctu re  
and contains TigO-jg.
The n on -sto ich iom etry  o f titan ium  oxide was in v e s t ig a te d  by E h rlich
(10) (11) who found th a t oxygen w i l l  d is so lv e  in  a -titan iu m  up to  the  
com position TIOq^ 2  w ithout forming a new p h ase. The f i r s t  new phase 
(re ferred  to  as the monoxide) was found by  E h rlich  to  e x is t  as a non- 
sto ich io m etr ic  oxide which ranged from T 10q b £q to Ti0-| ^25 * The next phase 
Ti20^ was s ta b le  between TiO-j^g and TiO-j and Ti-^O  ^ was s ta b le  between
T iO i.yo  ^  T i01.80*
Some stu d ies  have been made o f  th e  stru cture  o f  th e anodic oxide o f  
titan iu m . H arrington and Nelson (12) formed an anodic oxide on titan iu m  
which had an anatase s tr u c tu r e . Cotton ( 13) rep orts th a t th e  anodic oxide  
can occur as b rook ite  or anatase or as an amorphous o x id e . . R iv o lta  ( 14)
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stud ied  th e structure o f  very th in  anodic film s  formed on titan ium  in  many 
e le c tr o ly te s  a t  low v o lta g es  and found th a t in  many cases titan ium  hydride  
•was found to he present as a r e su lt  o f  u sin g  a h y d roflu oric  a c id  etchant; 
hoth anatase and r u t i le  were observed in  cer ta in  e le c t r o ly t e s .  The 
structure o f the anodic film  formed has a lso  been stu d ied  by oth er workers 
( i 5) ( 16) ( i 7) ( “IS) ( 19) u sin g  e lec tro n  d if fr a c t io n .
Anodic f ilm  form ation on aluminium
As a l l  referen ces to  th e  anodic ox id a tion  o f  titan ium  r e fe r  to  the  
form ation o f b a r r ie r  film s o n ly , i t  was considered o f importance to  
consider th e  con d ition s and mechanism which lea d  to  th e  form ation o f th ic k  
porous oxide film s on aluminium, as t h is  appears to  be one o f  th e  few  
m etals known to  ex h ib it t h i s  phenomenon. Thick porous oxide film s m aybe  
obtained when aluminium i s  a n o d ica lly  p o la r ized  in  sulphuric a c id , chromic 
ac id  or o x a lic  a c id . These e le c tr o ly te s  are a l l  corrosive  to  aluminium 
oxide so th at aluminium en ters th e  so lu tio n  during anod izin g . A comparison 
of th e  behaviour of aluminium and titanium  shows th at th e  l a t t e r  w i l l  form 
a b a r r ier  film  in  e le c tr o ly te s  In which aluminium would form a porous f i lm .  
This i s  undoubtedly r e la te d  to  th e  h ig h ly  r e fra c to ry  nature o f  th e  anodic 
oxide o f titan iu m . Pore form ation in  anodic f ilm s  on aluminium have been  
explained by Hunter and Fowl© (20) by  sim ultaneous form ation and 
d is so lu t io n  o f the oxide f i lm . However, i t  has been shown by Booker, Wood 
and Walsh (21) th at the pores are formed on aluminium in  regu lar  arrays 
w ith  hexagonal packing o f the pore channels and th ese  workers suggest th a t  
the pores are due to  c r y s ta l growth. Hoar and Mott (22) con sid er  th e  
extra  d is s o lu t io n  a t  th e base o f th e  pores to  be a fie ld -en h an ced  p ro cess ,
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i . e .  the f i e l d  a t once exp ed ites both th e  growth and th e  d is so lu t io n  o f  
the ox id e . These authors a lso  p o stu la te  th at (CEt) io n s , not 02” ions  
move through th e  oxide to  th e  m etal where th ey  rea c t w ith  m etal io n s  and 
re lea se  H+ ion s which move back through th e  ox id e .
I f  a b orate so lu tio n  i s  used however, a b a rr ier  f ilm  may be formed on 
aluminium up to  500 V. Franklin  ( 23) formed b a r r ie r  film s  on aluminium 
in  a b o r ic  acid /borax so lu tio n  a t  20°C and found th ese  film s  to have a 
c e l l  stru ctu re  s im ila r  to  th a t o f porous f i lm s .  Franklin considers th a t  
the oxide a t the centre o f  each c e l l  may be h ig h ly  so lu b le  r e s u lt in g  in  
porous film s or b a r r ie r  film s depending on th e  degree o f  corrosiven ess o f  
the e le c tr o ly te ;  a tra ce  o f ch loride  in  the so lu t io n , however, w i l l  cause 
p i t t in g .  W on-corrosive e le c tr o ly te s  ( e . g 8 b o r a te s , ammonium hydroxide 
e tc .)  have been found to  produce b a r r ier  film s on many m etals and th e
th ick n ess o f th ese  f ilm s  i s  approxim ately p roportion al to  the v o lta g e ; in
the case o f  aluminium the s o -c a lle d  ’growth r a te ’ i s  14°-A/volt. I t  should  
be noted that t h e ’growth r a te ’ has no exact s c i e n t i f i c  s ig n if ic a n c e ;  a f t e r  
an in f in i t e  time the oxide would be in f i n i t e l y  th ick  assuming th a t the  
io n ic  current although very sm all i s  always f i n i t e .
D iscontinuous oxide film s
/
D iscontinuous oxide film s have been reported  during th e  h igh  
temperature ox id ation  o f tantalum  (21+) ( 65O-8OO°C) and niobium ( 25) * The
p o s s ib i l i t y  o f forming film s  o f  a s im ila r  type b y  anodic ox id a tion  below  
100°C has been shovm b y  Vermilyea ( 26) in  th e case o f  tantalum  and 
Lakhiani and S h reir  in  the case o f  niobium ( 27) . Vermilyea con sid ers th a t  
in  the case o f tantalum an amorphous f ilm  i s  formed i n i t i a l l y  on the m etal 
surface and th a t n u clea tion  and c r y s ta l growth occurs underneath t h is
amorphous film  a t the ox ide/m eta l in te r fa c e . As th e c r y s ta ll in e  areas 
grow they deform th e i n i t i a l l y  formed amorphous f ilm  -which ev en tu a lly  rup­
tu res so th at both c r y s ta ll in e  and amorphous areas are p resen t on the oxide  
su rface. N ucleation  occurs in  the case o f tantalum  above a c r i t i c a l  
e le c tr ic  f i e l d  stren gth  which depends on th e  tem perature, surface condition  
and im purity content o f th e m etal and the th ick n ess  o f th e  amorphous f i lm .  
D ecreasing the f i e l d  stren gth  below  the c r i t i c a l  v a lu e , or low ering th e  
temperature r e s u lt s  in  a reduced ra te  o f  c r y s ta l growth. Vermilyea ( 26) 
found th a t the th ick n ess o f  the c r y s ta ll in e  f ilm  formed on tantalum was no 
th ick er  than th e  th ick n ess o f  th e  amorphous f i lm  formed a t th e  same vo lta g e  
and temperature c . f » th ick  porous film s on aluminium. By forming 
discontinuous film s  on niobium in  a s im ila r  manner, Lakhiani and S h reir  (2$ 
were able to  ob ta in  r e la t iv e ly  th ic k  grey absorbing film s  and have obtained  
a weight gain  due to  oxide form ation o f  0 .6  mg/cm2 . T his rep resen ts an 
oxide film  which i s  considerab ly  th ick er  than th e uniform b a r r ie r  film  
which e x h ib its  in ter feren ce  co lo u rs .
Young ( 29) reports the occurrence o f  m icro fissu res  in  b a r r ie r  film s  on 
tantalum and zirconium-, From impedance measurements on th ese  film s he  
concluded th a t w ith  tantalum (and p o s s ib ly  w ith  th e  o th er  ’’valve" m etals) 
m icro fissu res or pores are resp o n sib le  fo r  e le c t r o ly t ic  r e c t i f ic a t io n  as 
norm ally observed. He regards th e  ir r e p r o d u c ib ility  o f the anodic leakage  
current from specimen to  specimen as an in d ic a tio n  th a t th e leakage current 
i s  contributed  by  a fewr weak spots which he su ggests  are m icro fissu res*  
Young regards th ese  f i lm s , however, as being d if fe r e n t  to  the th ic k  porous 
type o f  anodic film  which may be formed on aluminium in  which th e  a . c .  
impedance i s  dominated by th e  presence o f  p o res . V eim ilyea ( 30) has
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suggested th at r e c t i f ic a t io n  may he due to lo c a l  region s o f  impure h ig h ly  
conducting oxide film s which form on in c lu s io n s  on the m etal su rfa ce .
I t  i s  apparent, th er e fo re , th at although discontinuous film s  can he  
produced hy anodic o x id a tio n , th ere appears to  he l i t t l e  evidence o f the  
formation o f tr u ly  porous film s except in  the case o f  aluminium.
THE ANODIC POLARIZATION OP TIT.ANIIM IN POMC ACII)
In the course o f  th e present work i t  has "been d iscovered  th at the 
anodic "behaviour o f titanium, in  form ic ac id  d if fe r s  considerab ly  from i t s  
behaviour in  o th er  e le c tr o ly te s  and th a t a m icrop itted  oxide film  could be 
produced in  t h i s  e le c tr o ly te  usin g  th e appropriate concentration  range and 
belovf a cer ta in  tem perature. Although lo c a l is e d  p it t in g  occurs in  ch lorid e  
so lu tio n s  (a t  p o te n t ia ls  12v) , th e production o f uniform m icrop its  on a 
titanium  m etal surface was considered to  be unique and i t  was considered o f  
in te r e s t  to  in v e s t ig a te  more f u l l y  the b eh av iou r.o f titanium  in  form ic acid . 
In  a d d itio n , depending on th e  concen tration  and temperature o f the a c id  two 
other e f f e c t s  were observed on anodic o x id ation  and the film s obtained can 
be c la s s i f i e d  fo r  convenience a s : -
Type a , b a r r ier  f i lm s ,
Type b , m icro -p itted  f i lm s ,
Type c , th ick  non-adherent f i lm s .
As the choice o f  techniques used as v fe ll as th e method o f  specimen 
preparation depended on th e type o f film  b e in g  stu d ied  i t  i s  re lev a n t to  
survey th e procedures adopted in  th e  present stud y.
Survey o f  Techniques and Methods 
The fo llow in g  techniques were used in  th e  present stu d y:-
V oltage/tim e measurements a t constant current ( t h is  was used  fo r
a l l  f i lm  stu d ies) ,
r e s is ta n c e /c a p a c ity  measurements, 
o p t ic a l measurements, 
w eight measurements,
X-ray d if fr a c t io n ,  
e lec tro n  d if fr a c t io n ,  
o p t ic a l micros copy »
Films o f type a . I f  th ere  i s  no undue in ter feren ce  due to  oxygen 
ev o lu tio n , o p t ic a l or r e s is ta n c e /c a p a c ity  methods may "be r e a d ily  ap p lied  to  
study the k in e t ic s  o f f ilm  growth during the form ation o f t h is  type o f f i lm .  
Gravimetric measurements, however, cannot he carr ied  out k in e t ic a l ly ,  as 
the sm all weight gain obtained i s  o f th e  same order o f  magnitude as e f f e c t s  
due to  surface te n s io n , buoyancy o f  oxygen bubbles adhering to  the anode, 
e t c .  K in etic  weight measurements were in v e s t ig a te d  u sin g  a m icro-balance  
but were not s u f f i c ie n t ly  accurate fo r  th e  sm all weight in crea ses  obtained  
in  th is  stud y. E lectron  d if fr a c t io n  -was used to  study th e stru ctu re  o f the  
oxide film  formed#
Film s o f type b # O ptical m icroscopy was used  to  study the m icro -p itted  
surface o f  t h is  type o f f ilm  ay w e ll as to  examine c r o s s -se c t io n s  o f the  
metal and the e f f e c t  o f  a r t i f i c i a l  scratch es on th e  m etal surface# X-ray  
d if fr a c t io n  was used to  determine th e  stru ctu re  o f th e  corrosion  products 
which were p r e c ip ita te d  from so lu tio n  during m icrop ittin g#
Film s o f  type c .  As t h i s  oxide f ilm  was non-adherent i t  was p o s s ib le  to  
detach i t  and to  determine i t s  structu re  u s in g  X-ray d if f r a c t io n .
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EXEERXMENTAL
Introduot ion
Prelim inary experim ents were carried  out u sin g  d if fe r e n t  methods o f  
mounting and p o lish in g  o f  th e specim ens. From th ese  experim ents a method 
o f mounting and p o lish in g  was s e le c te d  as su ita b le  fo r  use in  r e f l e c t i v i t y  
measurement experim ents in  "borate s o lu t io n s . I t  was found more convenient 
to  use unmounted sh eet titanium  specimens fo r  a l l  s tu d ie s  o th er than  
r e f l e c t iv i t y  measurements s in ce  th e  titan ium  etchants used  contained  
h yd rofluoric  a c id  and th erefo re  would a tta ck  most o f  th e  mounting p la s t ic s  
in  common u se .
M aterials
Commercially pure titan ium  ( i .C . I .  grade T i 130) was used throughout 
t h is  work. M etallographic exam ination o f  th e  m etal showed th a t i t  had a 
hot r o lle d  str u c tu r e . The p u r ity  o f th e m etal was given  as 99 
A ty p ic a l a n a ly s is  i s  shown in  ta b le  i .
Table 1 . A n a lysis  o f T i 130.
c H Fe N 0 Cu,Sn, j|n y  M g,A l,S i ’ W
Wt fo 0.045 0.0033 0 .0 1 1 0.0090 0.17 tra ce  n i l l e s s  than 
0 . 0 3
The m ateria l had th ick n esses  o f 0 .0006 in ,  0 .0 5  in  and 3/i&  in  
according to  u s e . The th in n est sh eet (0 .0006  in) m s  used fo r  work 
in vo lv in g  measurement o f  w eight lo s s e s ,  th e 3/^6 in  th ic k  titan ium  fo r  
preparation o f mounted specimens used  in  r e f l e c t i v i t y  measurements and 
the 0.05 in  m etal fo r  V -t s tu d ie s .
Chemicals
The chem icals used in  the preparation  o f  a l l  e le c tr o ly te s  
in v e s t ig a te d  were o f  AnalaR. q u a lity . AnalaR grade form ic a c id  was used in  
t h is  in v e s t ig a t io n  w ithout "being fu rth er  p u r if ie d . A l l  concen trations o f  
form ic a c id  are expressed as volume/volume per cent (v.-v/) .
Preparation o f  titan iu m  specimens 
Mount ing
Anodic o x id a tion  was carried  out u sin g  sheet titan ium  specimens 
suspended "between two platinum  cathodes o f la rg e  area (1 .0  in  x  1,5 in) . 
Unmounted specimens o f  t h i s  type were used in  th e course o f  th e  present 
work fo r  general s tu d ies  o f  m ic r o p itt in g . These specimens were used once 
o n ly .
The use o f  mounted specimens was however d es ira b le  in  the case o f  
o p t ic a l in ter feren ce  measurements s in ce  th ey  f a c i l i t a t e  p o lish in g  and the  
production o f  a f l a t  surface o f  high, specu lar r e f l e c t i v i t y .  The 
read in ess w ith  which mounted specimens may be f ix e d  r ig id ly  in  the  
e le c t r o ly t ic  bath  used fo r  r e f l e c t i v i t y  measurements i s  a fu rth er  
advantage. A ra ld ite  was s e le c te d  as th e  most su ita b le  mounting p la s t ic  
due to  i t s  grea ter  r e s is ta n c e  to  a c id s . M etal 3/^6 in  th ic k  and machined 
to  an exact dim ension 2 cm x 2 cm was used and once mounted could be 
r e a d ily  rep o lish ed  and used, rep ea ted ly  (com plete regrind ing b ein g  
unnecessary) • E le c t r ic a l  contact 'was mad.e by spot-w eld ing a titan ium  
w ire to  th e  back o f  each specim en. The specimens were then se t  in  
’A r a ld ite ’ 103 u sin g  moulds prepared from short s e c t io n s  o f  b rass tube  
1.25 in  diam eter and having a s l i t  to  a llow  th e  lea d  to  pass through.
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Mounting was carr ied  out "by lo c a tin g  th e  "brass moulds on a p o lish ed  
surface o f  a th ic k  g la s s  s la b . A ll  su rfaces l ia b le  to  come in to  contact 
w ith  A ra ld ite  were coated w ith  a s i l ic o n e  r e le a s in g  compound (R e le a s il  No *7, 
Midland S il ic o n e s  L td .) . A su ita b le  q u antity  o f  r e s in  was then thoroughly  
mixed w ith  hardener, u sin g  a r a t io  8:1 p arts by y/eight r e s p e c t iv e ly . T his  
was g en tly  heated  in  a beaker to  about "JO°G, a llow in g  a ir  bubbles to  r i s e  
to  the su rfa ce , u n t i l  th e s e t t in g  rea c tio n  commenced, when part m s  poured 
in to  the prepared mould, care bein g  taken to  ensure that no a ir  bubbles 
were trapped around th e  specim en. The remaining r e s in  was f in a l ly  poured 
in  th e  mould and allow ed to  s e t  in  th e co ld  fo r  24 h . A fte r  b e in g  removed 
from the mould th e specimens were ground on one face  u n t i l  a l l  machining 
marks were removed from the m etal s u r f a c e /a f t e r  which a g la s s  tube was 
passed over th e  lea d  and attach ed  to  th e  mount w ith  m olten polythene •
Specimens prepared in  t h is  way have proved v ery  s a t is fa c to r y  in  use  
as the res id u a l s tr e s s e s  in  the A ra ld ite  tend to  grip  the edge o f the 
m etal r e su lt in g  in  a good in su la tin g  mount» The leakage current obtained  
when a mounted specimen m s  anodized a t  constant v o lta g e  m s  comparable 
w ith  th a t obtained u s in g  an unmounted specimen.
Surface preparation
Surface preparation  can have an important in flu en ce  on the behaviour  
of m etals and th e  methods used are reviewed in  the fo llo w in g  s e c t io n .  
P olish ed  m etal su rfaces may be obtained by:
( i )  m echanical p o lish in g ,
( i i )  e le c t r o ly t ic  p o lish in g ,
( i i i )  chem ical p o lish in g .
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The r e la t iv e  m erits o f  th e  d if fe r e n t  methods depend on the m etal to  
"be p o lish ed  and in  th e  case o f  titan ium  prelim inary experim ents were 
carried  out to  s e le c t  the "best method* A ll  specimens were ground down to  
grade 600 s i l i c o n  carbide paper and washed .
( i )  M echanical p o lish in g
(31)According to  McQuillan'1 the production o f a w e ll  p o lish ed  surface  
on a m etallographic specimen o f titan ium  or i t s  a l lo y s  "by mechanical 
p o lish in g  i s  consid erab ly  hampered by the very  marked tendency o f th ese  
m ateria ls  to  p i t  and flow  under p o lish in g  co n d it io n s . M etal flow  i s  
avoided by e ith e r  ( l )  ca re fu l hand p o lish in g  u sin g  a good lu b rica n t or
( 2) removal o f th e flow ed la y e r  as f a s t  as i t  i s  produced by p o lish in g  
m echanically  on a h ig h  speed wheel u sin g  a coarse c lo th  s l ig h t ly  damped 
w ith  a d ilu te  etch in g  medium and by u sin g  heavy p r e ssu r e s . A f in a l  
p o lish  may be g iven  on a s o f t  c lo th  but not fo r  more than a few m inutes as 
p it t in g  may occu r. Method ( 1) was found d i f f i c u l t  to  carry out in  
p ra ctice  although good r e f le c t in g  surfaces were obtained by b u ffin g  a f t e r  
mechanical p o lish in g  on s i l i c o n  carbide paper. T his method o f  specimen 
preparation was adopted, th e r e fo r e , in  cases where o p t ic a l measurements 
were to  be made. Coarse b u ffin g  was carr ied  out u sin g  a s t itc h e d  mop and 
T r ip o li  p o lish in g  soap. A lo o se  c a lic o  mop and White L i l l e y  p o lish in g  
soap (Canning and Co .L td .) were used fo r  f in e  b u ff in g . A l l  specimens were 
degreased in  benzene and washed in  d i s t i l l e d  water b efore  and a f t e r  each 
b u ffin g  o p era tio n . Specimens were f in a l ly  washed u sin g  e th y l a lco h o l and 
dried  u sin g  a hot a ir  d iy er  to  avoid  s ta in in g  o f  th e  m etal su r fa ce .
( i i )  E le c tr o ly t ic  p o lish in g
S evera l methods o f e le c tr o -p o lish in g  titan ium  have been developed
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sin ce  th ey  avoid surface flo w . Experiments were carr ied  o u t, th ere fo re , 
to  determine the p o s s ib i l i t y  o f u sin g  e le c tr o -p o lish in g  methods to  produce 
the h ig h ly  r e f le c t in g  su rfaces n ecessary  fo r  r e f l e c t i v i t y  measurements. I t  
was inconvenient to  use many o f th e so lu tio n s  mentioned in  th e  l it e r a tu r e  
as th ey  contained p erch lo r ic  a c id , thus n e c e s s ita t in g  sp e c ia l coo lin g  
precautions to  avoid  e x p lo s io n s . However, a good e le c tr o -p o lish in g  
so lu tio n  was:
90 oc e th y l a lc o h o l,
10 cc n-b.utyl a lc o h o l,
6 g AICI3 (anhydrous) ,
2A g Z11CI2 (anhydrous) .
( ^llAccording to  McQuillan and McQuillan w  ' th ere i s  a l im it  to  th e  s iz e  
of specimen which can be p o lish ed  e le c t r o ly t ic a l ly  in  cer ta in  so lu tio n s  
and i t  was found in  p r a c tic e  th a t th e above so lu tio n  could not be used to  
p o lish  specimens o f  an area s u f f i c ie n t ly  la rg e  to  be used fo r  
r e f l e c t iv i t y  measurements. As the e le c tr o p o lish in g  current through a 
large  specimen was v ar ied , p o lish in g  proceeded e ith e r  a t  th e  centre or  the  
edges o f  th e specimen but never in  both p la ces  sim u ltan eou sly . I t  i s  
probable th a t th e  current d e n s ity  varied  over th e  specimen area as no 
d e f in ite  p la tea u  was observed in  the cu rren t/v o lt age curves observed  
during e le c tr o p o lish in g . The cu rren t/v o lt age curve was probably composed 
o f two curves each contain ing a p la teau  which d id  not overlap properly , 
one p la teau  r e s u lt in g  from p o lish in g  a t  th e edges and one p lea teau  
r e s u lt in g  from p o lish in g  at the centre o f  th e  specim en. A lso McQuillan 
and McQuillan s ta te  th a t th ere i s  a tendency fo r  e le c tr o -p o lish e d  
specimens to  ex h ib it h igh  r e l i e f  and an uneven su rfa ce , u su a lly  in  the
form of a m icroscopic r ip p lin g  e f f e c t  which, i s  p a r t ic u la r ly  n o ticea b le  In 
specimens having large  s in g le-p h ase  a r ea s . For th ese  reasons i t  was 
decided not to  use e le c tr o -p o lish e d  specimens in  th e  present work except 
fo r  studying the stru ctu re  met a l io  g ra p h ica lly .
( i i i )  Chemical p o lish in g
In  view  o f  th e  d i f f i c u l t i e s  encountered in  m echanical and 
e le c t r o ly t ic  methods o f  surface preparation , chemical methods were 
in v e s t ig a te d . l o m e r ^ ^  recommends b o il in g  orthophosphoric a c id  ( 270°C) ,
but as i t  was considered inconvenient to  work a t  such a h ig h  tem perature, a 
chemical so lu tio n  recommended b y  I .C .I .  ( i 3) and o f the fo llo w in g  
com position, was used:
LOfo Hh03 b y  v o l ,
30f0 H2S02f by v o l ,
30^ HF (p refera b ly  l$fo  strength) .
A p o lish in g  time o f  10 sec  a t room temperature was u sed . This gave a 
b righ t surface in  th e  case o f  some T i a l lo y s  but w ith  T i 130 i t  d id  not 
give a s u f f i c ie n t ly  b r ig h t surface fo r  r e f l e c t iv i t y  measurements. T h is  
method, however, removes flow ed m etal and surface oxide lea v in g  a h ig h ly  
a c tiv e  surface and was considered, th e r e fo r e , to  be id e a l ly  su ita b le  fo r  
V -t s tu d ies  e t c .  Chemical p o lish in g  was used , th er e fo re , fo r  a l l  s tu d ies  
where r e f l e c t i v i t y  measurements were not in v o lv ed .
Etching (m etalio  graphic)
As titan ium  i s  extrem ely r e s is ta n t  to  a tta ck  by many common a c id s ,  
most o f  th e etch an ts used contain  h y d ro flu o r ic  a c id . The ra te  o f e tch in g  
i s  rapid in  aqueous so lu tio n s  o f  HF a c id  but can be co n tro lled  b y  rep lacin g
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the water o f  the e le c tr o ly te  by an in h ib it in g  medium such as a lc o h o l,  
g ly c o l or g ly c e r o l .  In  the present work th e  etch in g  so lu tio n  o f  F in la y , 
Resketo and V o rd a h l^ ^  c o n s is t in g  o f 25^ HF, 25^ > HNO ,^ 50fo g ly c e r o l was 
found to  be very s a t is fa c to r y  fo r  deep met a l io  graphic e tc h in g .
(•? i ^
McQuillan considers th a t , in  so lu tio n s  o f t h i s  ty p e , in  which th ere  
can be l i t t l e  io n iz a t io n  o f  the HF a c id , the exact concentration  o f  the  
a c id  i s  not very  c r i t i c a l  and th a t s a t is fa c to r y  r e s u lt s  can be obtained  
w ith  a c id  con cen trations varying from 25-AO par c e n t .
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APPARATUS
E le c tr o ly t ic  C ell
In  the present in v e s t ig a t io n  the anodizing c e l l  used was o f a simple 
design and co n sisted  o f  a Pyrex ‘beaker o f two l i t r e  ca p a c ity , covered w ith  
a Perspex l i d .  The arrangement o f  the s t ir r e r ,  h ea te r , thermometer and the  
e lectrod es in  the e le c t r o ly t ic  c e l l  i s  shown in  P i g . i .  E le c tr ic a l  contact 
was achieved "by connecting a sm all tab  on the specimen to  a platinum w ire  
which passed through a g la s s  tribe • The g la s s  tube m s  attach ed  to  a rack  
and pin ion  arrangement to  permit v e r t ic a l  movement o f  the specim en. I t  was 
thus p o ss ib le  to  a ccu ra te ly  con tro l th e depth o f immersion o f the specimen 
in  the e le c t r o ly t e .  Having determined th e  depth o f  immersion, the p o s it io n  
of the anode was f ix e d  by gripping th e g la s s  rod w ith  a c l i p .  The two 
platinum cathodes (2 .5  cm x 3 «5 cm) were p laced  p a r a lle l  to  the anode and 
w ere  eq u a lly  spaced (if cm) on e ith e r  s id e  o f  i t .  They were h e ld  in  
p o s itio n  by a s im ila r  arrangement to  th a t  fo r  th e  anode. Good e le c t r ic a l  
contact rras achieved by spot w elding the cathode sheet to  a th in  platinum  
w ire which was sea led  in to  a g la s s  tube • A few drops o f  mercury were 
poured in to  the sea led  tube so th a t contact was m aintained between th e  
platinum Y/ire and th e  e le c t r ic a l  le a d .
In the case o f anodic o x id a tio n  in  concentrated  so lu tio n s  o f  form ic 
acid , the use o f a c e l l  o f sm aller ca p a c ity  was d e s ir a b le . For t h i s  work a 
g lass c e l l  o f ca p acity  600 cc was u sed . S ince concentrated form ic a c id  
attacks Perspex, a p t fe  cover m s  f i t t e d  between the Perspex l i d  and the  
e le c tr o ly te . A g ita tio n  was provided by a lig h t-w e ig h t s t ir r in g  motor 
which was mounted on top  o f  th e l i d .  H eating was supp lied  by a f i s h  tank  
heater ("150 watt) • The c e l l  had a flan ged  edge enabling th e  Y/hole
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FIGURE 1 
Two l i t r e  anodizing c o l l
LEGEND
A titanium  anodo
C.,0 platinum cathodes
G g la ss  c o l l  •
H boater
L s t ir r in g  motor
F  . s t ir r e r
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apparatus to  "be q u ick ly  assembled, “by a ttach in g  the l i d  to  the c e l l  using  
Q u ick fit fla n g e  clamps *
Temperature con tro l
During each experiment th e e le c tr o ly te  temperature m s  m aintained  
constant w ith in  an accuracy o f  ±0.1 °C h y  an ad ju stab le  e l e c t r ic a l  contact 
(Pt/Hg) thermometer (E lectro  Methods L td.) which operated a conventional 
r e la y  (Sunvic Control type E 102/4) co n tr o llin g  a 250 w att immersion 
h ea ter  covered hy a tran slu cen t s i l i c a  tube (Thermo Syndicate L td .) . The 
so lu tio n  was s t ir r e d  by  means o f  a g la s s  s t ir r e r  a ttach ed  to  a variab le  
a .c .  motor.
Power supply
The e le c t r ic a l  c ir c u it  used fo r  e le c t r o ly s is  i s  shown in  Pig .2  and 
th e general arrangement o f  th e  apparatus i s  shown in  F ig .3 . A constant 
current and constant v o ltage  u n it  (Shandon L td .) having the fo llovd n g  
s p e c if ic a t io n  m s  u sed .
(a) a t constant current 
Range 3~40 mA 
Maximum v o lta g e  36OV
R egulation  : 1 /  change in  output current fo r  10V change in  mains
v o lta g e .
(b) a t constant v o ltage  
Range O-36OV.
Maximum current 4-0 nA
R egulation: 1 .2 5 /  change in  output vo lta g e  fo r  change in  mains
v o lta g e  by 10V.
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FIGURE 2 
E le c tr ic a l  C ircu it fo r  Anodizing
LEGEND
A doC« substandard mi Hi nramo to r
V Model 8 Avometer
C the e le c t r o ly t ic  c e l l
E constant d .c„  source 
S switch.
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FIGURE 3 
General arrangement o f  apparatus
LEGEND
A m illiam m eter
B Impedance bridge
C anodizing c e l l
P power supply fo r  s t ir r in g
D constant cu rrent/con stan t v o lta g e  d .c .  supply
V Avomoter
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Instrum ents
V oltm eter
A u n iv ersa l Avometer (Model 8) was used to measure v o lta g es  during 
anod izing.
MiUianmetcr
A d»c0 m ultirange miHdeometer (Sangmo Weston) Y\ras used fo r  current 
measurements.
Apparatus fo r  r e f l e c t i v i t y  measurements
Measurements of ab so lu te  r e f l e c t iv i t y  on film  coated m etals provides a 
u se fu l method o f  studying the k in e t ic s  o f film  growth in  the case o f  
transparent film  formed on a r e f le c t in g  su b stra te . In  th e  present work, 
th er e fo re , r e la t iv e  va lu es o f r e f le c te d  in t e n s it y  were measured and th e  
maxima and minima o f in t e n s it y  were used to  determine th e k in e t ic s  o f f ilm  
groYfth. The apparatus used fo r  th e measurements i s  shoY/n in  F ig . if. The 
con stru ction  and method o f  operation  o f th is  apparatus has been described
( is )by Stebbens and S h reir ' ' . The anodizing c e l l  used fo r  r e f l e c t i v i t y  
measurements Y\ras o f polythene and i s  shoY/n in  Figcb® The convex le n s  used  
in  rendering the l ig h t  p a r a lle l  formed part o f  th e  front of the c e l l .  
Specimens mounted in  the manner described  p rev io u sly , Yrere supported in  
p o s it io n  by p assin g  through a polythene l i d  which Yras a push f i t  in  the  
c o l l .  A r in g  o f  platinum w ire served as a cathode. The completed o p t ic a l  
apparatus and the experim ental arrangement used during anodizing i s  shoYm 
in  F ig .6 .
Impedance bridge
The impedance o f  the oxide coated e lectrod e  in  s e r ie s  w ith  a 
su b sid ia ry  e lec tro d e  o f  platinum sheet was measured by a u n iv ersa l b ridge
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FIGURE 2f 
O p tica l apparatus
LEGEND
A Mercury lamp container
B v isu a l and u ltr a  v io le t  l ig h t  f i l t e r s
C p h o to c e ll fo r  measurement o f r e f le c te d  in te n s ity
D p h o to ce ll fo r  hack o f f  e 0m«f,
E rheostat fo r  m onitoring s e n s i t iv i t y
F rh eo sta t for  co n tro l o f  hack o f f
L,L le v e l l in g  screws
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FIGURE 5
C e ll used fo r  R e f le c t iv i t y  Measurements
LEGEND
A c en tr ifu g a l pump
B a r a ld itc  p la s t ic  mount
C spot wold
D titan ium  m etal specimen
E co llim a tin g  len s
F platinum cathode
G polythene l i d
H g la ss  c a p i l l ia r y  tube
I  input lea d  (titan ium  wire)
i q
FIGURE 6
Experimental arrangement fo r  o p tica l measurements
LEGEND
A o p tica l apparatus
C anodizing c e l l
G galvanometer
L s t ir r in g  motor
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(Wayne Kerr L td ,, Type B.221) w ith  the fo llo w in g  sp e c if ic a t io n :
Capacitance range 0 .1  pF to  11 jjlF,
Accuracy h o t te r  than ±0.25^,
-1 -8Conductance range 10 to  10 mhos,
Frequency 1592 c .p . s .
The c ir c u it  diagram o f the e le c t r o ly t ic  c e l l  and th e  capacitance bridge i s  
shown in  F ig .7 . The cap acity  o f  th e  su b sid iary  e lec tro d e  was much g rea ter  
than th a t o f  the oxide e lec tro d e  so th a t th e impedance measured m s  th a t o f  
the l a t t e r .
A sm all error may have been introduced by  th e  presence o f  a double 
la y e r  in  th e so lu tio n  near th e specim en. The e le c t r ic a l  double la y e r  on a 
f ilm  free  m etal e lec tro d e  c o n s is ts  o f  a la y e r  o f  charge on the m etal fa c in g  
a la y e r  o f  opposite  s ig n  due to  an excess o f  ion s o f  one sign  in  th e  
adjacent so lu tio n  and produces a h igh  capacity  per u n it a rea . The cap acity  
measured in  s l ig h t ly  l o s s ,  th er e fo re , than would be obtained w ith  a double 
la y e r  o f in f in i t e  cap acity  and th e  estim ated  th ick n ess  i s  s l ig h t ly  g rea ter  
by a constant amount. ( 36) T his error  i s ,  however, n e g lig ib le  fo r  f ilm  
th ick er  than w  200 °A.
Balance
The weight changes during th e anodic ox id a tion  o f  titan iu m  were 
determined u sin g  a b u ll io n  assay  b a lan ce . The s e n s i t iv i t y  o f  th e  balance  
was 0.01 mg and maximum cap acity  1 g .
Error in  the determ ination o f  Yfoight changes
Since sm all weight changes were to  be measured, i t  m s  considered  
d e s ira b le  to  determine th e percentage accuracy by estim atin g  the  
magnitudes o f  the p o s s ib le  sources o f e rr o r . During weight measurements
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FIGURE 7
C ircu it Diagram o f  E le c tr o ly t ic  C oll and Capacitance Bridge 
LEGEND
A d„c. substandard mill?ammeter
B d .c .  "blocking condenser
C the e le c t r o ly t ic  c e l l
D d e tec to r
L high, frequency choko
E constant d„c. source
S a„c. source
V Model 8 avometer
Z standard impedance
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ca lib ra ted  w eights were used and most measurements were carried  out u sin g  
r id e r s  o n ly . By ca re fu l w eighing, determ ination could he made to  w ith in  
+0.01 mg. Since w eights were subtracted  in  c a lc u la tio n , the error due to  
Yfeighing alone could he ±0.02 mg.
The apparent area o f  the specimen was assumed to he correct to  1 fo.
The e f f e c t  o f  o th er  fa c to r s  on th e  accuracy o f  w eighing were a lso  
consid ered .
(a) S ince titan iu m , u n lik e  uranium, o x id ise s  s lo w ly  in  a ir  i t  was 
considered th a t any film  on th e m etal p r io r  to  anodizing was th a t formed 
during etch in g  and, th er e fo re , could he n e g le c ted .
(h) The in crease  in  weight a f t e r  anodizing gave th e  amount o f oxygen 
tak ing  part in  f ilm  form ation and* a lso  any m oisture which may he taken up 
from the e le c tr o ly te  • Anodized specimens were thoroughly dried  to  remove 
any m oisture present in  the o x id e . The resu lts ', however, did  not show any 
appreciahle weight lo s s  (0 .01 mg) and th ere fo re  th e  error  introduced, due 
to  t h is  e f f e c t ,  wa.s considered to  he n e g l ig ib le .
(c) There was a lso  a p o s s ib i l i t y  o f d is so lu t io n  o f  titan ium  in  the
e le c tr o ly te  during film  form ation. C olourim etric a n a ly s is  showed th a t  
on ly  a n e g lig ib le  qu an tity  o f  titan iu m  entered in to  th e  so lu t io n .
In  order to  permit more accurate measurement in  w eighing, la rg e  
specimens (30 cm2) were u sed . A ty p ic a l  weight gain  o f  1 mg was obtained  
•when a 30 cm2 specimen was anodized in  saturated  borax so lu tio n  fo r  8 min 
a t a constant current d e n s ity  o f 5mA/cm2 . The magnitude o f  the error in  
weighing due to  the above e f f e c t s ,  fo r  a w eight gain  o f 1 mg would h e ,
Error due to w eighing +0.020 mg,
Error due to  surface area +0.010 mg.
The t o t a l  error fo r  a weight gain  o f 1 mg adds up to 0 .030 mg, i « e c 
y/o hut t h is  w i l l  decrease as the w eight gain  in c r ea se s . In  the present 
work, however, an accuracy o f  ±1 fo was obtained by u sing  a graphical method.
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MEASUREMENTS
Introd u ction
In  the previous work carried  out to  study the k in e t ic s  o f form ation  
o f anodic oxide f i lm , in v e s t ig a to r s  have used the method o f  co n tro lled  
v a r ia b le s , in  which e ith e r  th e current or th e v o lta g e  i s  m aintained  
constant during the course o f  anod izihg .
Em pirical r e la t io n  between io n ic  current and ap p lied  f i e l d
( 37)I t  has been found experim en tally  by Gunterschulze and B etz th a t  
the dependence o f  io n ic  current on f i e l d  stren gth  may be represented  by  
th e r e la t io n ,
i ,  = A exp. BP ........... .. ................................................... . . .  ( 1) ,T
a t h igh  f i e l d s .  At lo w  f i e ld s  the formula,
i + = 2ABF (Ohm’ s law) ...........   ( 2) ,
a p p l ie s .
Constant Current
During film  form ation a t constant current the f i e l d  in  the oxide (and 
hence th e  current) i s  m aintained constant by th e  a d d itio n  o f an extra  
p o te n tia l across each new la y e r  o f oxide formed. I t  fo llo w s , th e r e fo r e ,  
th a t th e  va lue o f  P in  r e la t io n  ( 1) remains constant and hence the ap p lied  
v o lta g e  remains proportion al to  film  th ick n e ss . A lso , s in ce  film  th ick n ess  
i s  proportion al to  charge passed i t  fo llo w s  th a t the v o lta g e /tim e  curve 
should be l in e a r .
In  cases where th e  e f f ic ie n c y  i s  not 10 0 /, the e le c tr o n ic  current i_ ,  
may be allow ed fo r  by u sin g  the r e la t io n ,
i  = i  + i _  = AoxpBP+CsinhDP  .............  ( 3) ,
and s in ce  th e r . h . s .  i s  a fu n ction  o f  P on ly  i t  fo llo w s th a t P remains
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constant and th e  v o lta g e /th ic k n e ss  and v o lta g e /tim e  curves should he l in e a r .  
The p a r tic u la r  advantages o f f ilm  form ation a t  constant current a r c : -
(a) form ation takes p lace  a t a constant ra te  up to  th e maximum vo lta g e  and 
th a t any departure from l in e a r it y  o f  the vo ltage  and th ick n ess-tim e curves 
owing to  changes in  f ilm  structure  or th e  form ation o f cracks In th e  oxide  
e t c .  are r e a d ily  observed,
(b) the IR drop across th e  e le c tr o ly te  i s  co n sta n t.
The c h ie f  disadvantage o f  t h is  method i s  th a t th e  range o f  current 
d e n s it ie s  -which can be used i s  lim ite d  b y  h ea tin g
e f f e c t s  in  th e f ilm  a t  h igh  currents and the reduction  in  form ation  
e f f ic ie n c y  a t low c u r r e n t s .^ ^
Constant Voltage
The a p p lic a tio n  o f a constant v o lta g e  a t the o u tse t o f  anodizing would 
r e su lt  in  th e  flow  o f  a h igh  current and i t  i s  u su a l, th er e fo re , to  form a 
f ilm  to  th e s e le c te d  v o ltage  a t  constant current, and then to  keep the  
v o lta g e  constant and a llow  the current to  decay* Then su b s titu tin g  fo r  F 
in  terms o f Y and d in  equation ( i )  g iv e s ,
i  = A exp(BY/d) (where V i s  constant)   ( 4) ,
Ydiidh shows th e r e la t io n  between current and th ick n ess  * T h is equation has 
been so lved  by C h a r lesb y ^ ^  (u sin g  approximations) to  g ive  a r e la t io n  
between current and tim e . Charlesby has shown th a t a p lo t  o f  lo g  i  a g a in st*T
lo g  t  should be l in e a r .
The advantage o f  t h i s  method i s  th a t a w ider range o f form ation  
currents can be ob ta in ed . However, t h is  method can on ly  be ap p lied  Yhero 
the e f f ic ie n c y  o f film  form ation remains h igh  over the range o f  current 
d e n s it ie s  stu d ied . In  a d d itio n , i t  su ffe r s  from th e disadvantages th at
(a) the film  i s  not foimed under steady con d itions (to) the to t a l  in crease  
in  f ilm  th ick n ess during formation i s  on ly  atoout 15$ , and (c) a correction  
i s  necessary  for  th e varying v o lta g e  drop across the anodizing c e l l ,  u n less  
t h is  i s  n e g l ig ib le « Accurate methods o f determ ining sm all changes in  film  
th ick n ess are e s se n t ia l,,
In  the present in v e s t ig a t io n  the current was kept constant and the  
change in  v o lta g e  ("between a titanium  anode and two platinum  cathodes in  
the e le c tr o ly te )  and th e  weight o f the anode w ith  tim e has toeen measured. 
At constant current any change in  th e  l in e a r i t y  o f th e  v o lta g e /tim e  curve 
would in d ica te  e ith e r  a change in  e f f ic ie n c y , a change in  the structure or  
the form ation o f  d is c o n t in u it ie s  or cracks in  the oxide f i lm .
I n te n s ity  -  V r e la t io n sh ip
I n te n s ity  -  V oltage r e la t io n sh ip s  were determined in  the case o f  
satu rated  "borax so lu tio n  and in  /^o form ic a c id . In  the former case i t  was 
p o ss ib le  to  determine the growth ra te  and the d e n s ity  o f the o x id e . 
R esistan ce  Measurements
Like V -t r e la t io n sh ip s  r e s is ta n c e  measurements are o f  value in  the  
study o f  d is c o n t in u it ie s  and in  the present work were used to  study the  
in cid en ce o f  cracks and subsequent h ea lin g  during anodic ox id ation  in  
saturated  "borax so lu t io n ,
Reproducib i l i t y
The r e p r o d u c ib ility  was found to  toe "better than *1^  during anodic f ilm  
form ation on titan iu m .
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Study o f Various El e c tr o ly te s
Although d iscontinuous anodic oxide film s  occur f a i r ly  freq u en tly  w ith  
various m e ta l/e le c tr o ly te  systems ( e .g .  f i e l d  c r y s ta l l i s a t io n  o f  tantalum^^  
and n i o h i u m ^  ^7)) ? the type o f porous film  which i s  obtained on aluminium, 
in  e le c tr o ly te s  which are corrosive to  the ox id e , appears to  be unique.
The mechanism has been the subject o f numerous in v e s t ig a t io n s  and i t  i s  
considered th a t porous film s  r e s u lt  from sim ultaneous d is so lu tio n  and film  
growth o f th e  o x id e .
In  con siderin g  p o ss ib le  e le c tr o ly te s  fo r  producing porous oxide film s  
during anodic ox id a tion  o f titan iu m  i t  was apparent th a t , owing to  the  
r e fra c to r y  nature o f  th e  titan ium  o x id e , the problem was fa r  more d i f f i c u l t  
than in  the case o f aluminium, Anodic o x id a tion  in , fo r  example, su lp h uric , 
chromic or o x a lic  ac id s  e t c . ,  (which, are used in  the form ation o f  porous 
film s  on aluminium) , produces b a r r ier  film s  on titan iu m . I t  was considered  
th a t porous film s  on titanium  would be more l ik e ly  to form -  (a) i f  the  
e le c tr o ly te  so lu tio n  used was known to  be corrosive to  titan ium  m etal and
(b) i f ,  in  a d d itio n , th e  corrosiven ess o f th e e le c tr o ly te  so lu tio n  was 
' in creased  by u sin g  i t  a t e lev a ted  tem peratures. These p r in c ip le s , which, 
were used throughout the present work, delayed th e d iscovery  o f the  
unusual behaviour o f form ic a c id  as anodic ox id ation  o f titan ium  a t  
e lev a ted  tem peratures in  formic a c id  r e s u lt s  in  th in  b a r r ie r  f i lm s .
The corrosion  r e s is ta n c e  o f titan ium
A con sid eration  o f the l i t e r a t u r e ^ ^  rev ea ls  th a t th ere  are fou r  
m ineral a c id s  capable o f causing severe a ttack  on titan ium , i . e .  
h y d ro flu o r ic , h yd roch loric , su lphuric and orthophosphoric a c id s .
Of th e  organic a c id s , titan ium  i s  corroded “by o x a l ic ,  form ic, tr ic h lo r ­
a c e t ic  and t r i f lu o r n c e t ic  a c id s  • I t  i s  a lso  attacked  by aluminium ch lorid e  
and sodium hydroxide. The corrosive  a c tio n  o f th ese  substances i s  due to  
t h e ir  a b i l i t y  to  a tta ck  th e  h ig h ly  r e fra c to ry  titan ium  d iox id e  f ilm  and 
corrosion  can be reduced by the a d d ition  o f  o x id is in g  agents such as n i t r i c  
a c id  which p a ss iv a te  th e m etal by  r a is in g  the p o te n tia l so th a t th e oxide  
becomes thermodynamically s ta b le . The m etal can a lso  be p rotected  by  
anodic p o la r iz a t io n . C ertain o th er  o x id is in g  io n s  (Cu++, Ag+, Fe+’i‘+ e t c ,)  
can a lso  r a is e  th e  p o te n t ia l in to  the p a ssiv e  reg io n .
Anodic behaviour o f  titanium, a t  90°C
As su lphuric a c id , orthophosphoric a c id  and sodium hydroxide had 
a lread y  been reported by  oth er workers as su ita b le  fo r  anodic film  
form ation on titanium  ( i)  (2) (3) i t  was considered o f  in t e r e s t  to  investigate  
th ese  co rrosive  e le c tr o ly te s  a t  e lev a ted  tem peratures.
At 90°C and 5niA/cm2 b a r r ier  film s were produced but i t  was p o ss ib le  to  
form oxide film s up to  a maximum form ation v o lta g e  o f  on ly  ^>20V a f t e r  
which e le c tr o n ic  current flow  w ith  consequent gas ev o lu tio n  was the  
predominate e lec tro d e  p r o c ess . I t  i s  considered th a t the h igh  temperatures 
used (90°C) in crea ses  th e e le c tr o n ic  co n d u ctiv ity  o f  th e  oxide w ith  a 
consequent decrease in  f ilm  growth; much h igh er v o lta g es  can be obtained  
a t room tem perature. A decrease in  the maximum form ation v o lta g e  w ith  r is e  
in  temperature has a lso  been observed in  th e  case o f  b a r r ie r  f ilm s  on 
aluminium. )
O xalic a c id  i s  known to  be corrosive  to  titan ium  a t  a temperature o f  
90°C and was thus o f in t e r e s t .  As in  the case o f  the m ineral a c id s  i t  was
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not p o s s ib le  to  a t ta in  h igh  p o te n tia ls  due to  increased  gas evo lu tion  and 
low current e f f ic ie n c y  and thus on ly  a very th in  b a r r ie r  f ilm  was obtained  
w ith  on ly  very s l ig h t  amounts o f  titanium  going in to  so lu t io n . A low  
maximum p o te n tia l was a lso  obtained (^>20V) togeth er  w ith  a very th in  
b a r r ie r  film  when titan ium  was anodized in  form ic a c id  a t 90°C.
Since corrosive  e le c tr o ly te s  a t e lev a ted  temperatures d id  not appear 
to  have any sp e c ia l advantages in  forming th ic k  porous oxide f i lm s , i t  was 
considered o f in te r e s t  to  study non -corrosive e le c tr o ly te s  a t  e leva ted  
tem peratures. At 90°C on ly  very  low form ation v o lta g es  were obtained (as  
in  th e  case o f  corrosive  e le c tr o ly te s )  owing to  gas e v o lu tio n .
F ig .8 shows th e  V -t curves fo r  T i in  various so lu tio n s  a t 90°C. The 
low form ation v o lta g e s  a tta in a b le  in  a l l  e le c tr o ly te s  stud ied  were 
considered not to  be unusual s in ce  the e le c tr o n ic  co n d u ctiv ity  o f titan ium  
d io x id e , and oth er semiconductors in crea ses  w ith  tem perature:-
K = Aexp(-Q/RT) ........................................................ . . . . ( 5 )
and probably r e s u lt s  in  a n e g lig ib le  io n ic  current at temperatures o f  
^ 9 0 ° C .
From th e  foregoin g  experim ents i t  v/as ev ident th at the use o f  
corrosive  so lu tio n s  a t  e lev a ted  temperatures was not capable o f producing 
th ick  porous oxide film s on titan iu m . I t  was considered th a t the type o f  
c r y s ta l l iz a t io n  o f  the oxide referred  to by Booker, 7/ood and Walsh^2"1) as  
w e ll as th a t mentioned by Vermilyea,^2^  and Lakhiani and Shreir^2^  a lso  
played an important part in  the form ation o f  th ic k  porous oxide f i lm s . I t  
i s  o f  in te r e s t  to  note th a t th e r e la t iv e ly  th ic k  film s  produced on niobium 
by Lakhiani and Shreir^2^  had good lu b r ic a t io n  p ro p erties  although niobium
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FIGURE 8
V -t curves at 90°C in  various e le c tr o ly te s  
LEGEND
A 1 fo v .v  a c e t ic  a c id
B f^o v .v  ammonium hydroxide
C ~\°jo v .v  phosphoric a c id
D v .v  su lphuric a c id
E 1 fo “by wt sodium hydroxide
F A'fo "by Yft o x a lic  a c id
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d id  not go in to  so lu tio n  during th e  form ation o f th e anodic film # For t h is  
reason i t  was considered th at i t  was ad v isab le  to  study th e various 
so lu tio n s  a t 25°C in stea d  o f  confin ing  the research to  corrosive  
e le c tr o ly te s  at e lev a ted  tem peratures.
T his method o f  procedure subsequently le d  to th e  d iscovery  th a t a 
m icrop itted  surface w ith  a n t ig a llin g  p ro p erties  could h e produced in  formic 
a c id  in  a cer ta in  concentration  range a t room temperature and fu rth er  
s tu d ie s  were carried  out u sin g  t h is  e le c tr o ly te .
Anodic behaviour o f  titan ium  a t 25°C
A study was made o f  th e anodic ox id ation  o f titan ium  in  various  
e le c tr o ly te s  a t 25°C and V -t curves were determined (F ig .9) • At 25°C the  
f ilm s  formed usin g  sodium hydroxide and sulphuric and phosphoric a c id  (ifo 
by v o l) were s im ila r  and ex h ib ited  in ter feren ce  c o lo u rs . The film s  formed 
in  a l l  th ree  so lu tio n s  (NaCK, H^SO^, and H-^ PO^ ) were o f an estim ated  
th ick n ess which corresponded to  2 to  2^ orders o f  in te r fe r e n c e , Ydiich i s  
q u ite  th in  when compared w ith  th e  b a r r ie r  film s which may be formed on 
aluminium. Thicker film s could not be obtained because f ilm  breakdown 
occurred a t the w a ter lin e  and sometimes (depending on th e e le c tr o ly te  
concentration) a t th e edges o f  the specim en. Film  breakdown and rep a ir  
was in d ica ted  by o s c i l la t io n s  o f  the p o la r iz in g  vo lta g e  (a t  constant 
current) and, in  some c a se s , spark d ischarges were observed a t th e  p o in t o f  
breakdown. T his was due to  an instantaneous h ig h  current a t th e p oin t o f  
breakdown which developed a lo c a l  h igh  temperature evaporating some o f  th e  
e le c t r o ly t e .  In  the case o f phosphoric a c id  th e  v o lta g e  continued to  r is e  
during film  breakdown and rep a ir  and r e su lted  in  h igh er  form ation v o lta g es  
( F ig .9) than in  the case o f  su lphuric a c id  or sodium hydroxide where th e
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FIGURE 9
V -t carves a t 25°C in  various e le c tr o ly te s  
LEGEND
A 1j£ v .v  phosphoric a c id
B ifo v .v  a c e t ic  ac id
C v .v  ammonium hydroxide
D i% v .v  su lphuric a c id
E Afo "by \vt sodium hydroxide
F 1^ . "by vrt o x a lic  a c id
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f i r s t  appearance o f  film  breakdown was observable a t v o lta g es  le s s  than 
iOOV*
"When h igh er concentrations o f  th ese  e le c tr o ly te s  were used, la rg er  
q u a n tit ie s  o f  titan ium  were observed to en ter  in to  so lu tio n  and the maximum 
fo im ation  v o lta g e s  were low er. In bfitfo by wt su lphuric a c id , which i s  
h ig h ly  corrosive  to  titan ium , on ly  a very low maximum form ation v o ltage  v/as 
a tta in a b le  a t e lev a ted  tem peratures and v is u a l observation  o f the anodized  
su rfa ce , to g e th er  w ith  the h igh  concentration  o f  titanium  in  so lu tio n , le d  
to  the conclusion  th a t th e  m etal surface was bein g  etched without the  
form ation o f  any appreciab le oxide f i lm . S tud ies Y/ere a lso  carried  out in  
e le c tr o ly te s  in  v/hich titan iu m  i s  unattacked or on ly  s l i g h t l y  a ttack ed . 
E le c tr o ly te  so lu tio n s  which a ttack  titan iu m  were found to  produce a s im ila r  
e f f e c t  when titan ium  was anodized in  th ese  e le c tr o ly te s  a t 25°C, A rough 
estim ate o f  th e  amount o f chem ical a tta ck  was obtained by adding sulphuric  
a c id  and hydrogen peroxide to  form p e r t ita n ic  a c id . For example, in  1% b y  
v o l a c e t ic  a c id , (which i s  s l ig h t ly  corrosive  towards titanium ) a fa in t  
y e llo w  colour was observed on adding hydrogen peroxide and sulphuric a c id  
whereas in  1/o ammonium hydroxide (which i s  not corrosive) there was no 
observable co lou r . In  each e le c tr o ly te  in v e s t ig a te d , except saturated  
borax so lu tio n , the vo ltage  rose s te a d ily  Y/ith tim e and f in a l ly  approached 
a constant value (th e  "maximum form ation voltage" a tta in a b le  fo r  a 
p a r tic u la r  e le c tr o ly te  under given con d ition s) a f t e r  which gas evo lu tion  
was the main e lec tro d e  p ro cess . In  th e  case o f  saturated  borax so lu tio n , 
however, a p la tea u  was observed in  th e v o lta g e  time curve and fu rth er  
stu d ies , th er e fo re , were made u sin g  t h is  e le c tr o ly te .
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Anodic behaviour o f  titanium  in  e le c tr o ly te s  
contain ing ch lor id es and flu o r id es
Anodic ox id a tion  o f  titan ium  in  h yd roflu oric  a c id  i s  im practicable as 
the m etal corrodes ra p id ly  when a n o d ica lly  p o la r ized  in  t h i s  e le c tr o ly te ,  
i . e .  f ilm  form ation i s  much slow er than film  corrosion  and no appreciable  
anodic oxide i s  formed on the m eta l. H ydrochloric a c id  and aluminium 
ch lorid e  are a lso  u n su itab le  as they  cause lo c a l is e d  p it t in g  when the 
form ation v o lta g e  reaches *12-1Z|3T. Io n ic  current i s  concentrated a t th e  
p it t e d  areas and p i t t in g  continues w ithout any fu rth er  film  growth. A 
s im ila r  e f f e c t  was produced in  tr ic h lo r a c e t ic  a c id  but p a r t ia l  blockage o f  
the p i t s  by corrosion  products was apparent. In  m onochloracetic a c id , 
however (which i s  g en era lly  regarded as being non-corrosive to  titanium ) , 
a uniform b a r r ie r  film  was obtained in  a l l  cases in v e s t ig a te d .
D iscu ssion  o f  r e s u lt s
Titanium , u n lik e  aluminium, can be a n o d ica lly  o x id ised  to  form b a r r ier  
f ilm s  in  the m ajority  o f  e le c t r o ly t e s .  However, the exact behaviour o f  
titan ium  w i l l  depend on the nature and the concentration  o f  th e e le c tr o ly te ,  
the tem perature, and current d e n s ity . The anodic behaviour o f titan ium  in  
d if fe r e n t  e le c tr o ly te s  can be c la s s i f i e d  as fo llow s:
(a) b a r r ie r  f i lm s ,
(b) oxide film s contain ing lo c a lis e d  pits -  sodium ch lo r id e .
Films o f  type (a) are th e  most prevalen t and may be obtained in  most
e le c tr o ly te s  e .g .  sodium hydroxide, ammonia so lu tio n , borax so lu tio n , 
a c e t ic  a c id , su lphuric a c id , phosphoric a c id , o x a lic  a c id  and ta r ta r ic  
a c id , e t c .  Strong e le c tr o ly te s  such as su lphuric a c id  and sodium hydroxide
have been found to r e s u lt  in  film  breakdown and sparking a t lo c a l is e d  
p o in ts  (p o ss ib ly  due to  the form ation o f  so lu b le  complexes a t th ese  p o in ts)  
whereas weak e le c tr o ly te s  such as a c e t ic  a c id  have been found to  g ive  a 
maximum form ation v o ltage  w ithout any observable sparking, but the ra te  o f  
v o lta g e  r i s e  (and hence presumably film  formation) u lt im a te ly  tends to  zero  
and i s  accompanied by gas ev o lu tio n .
Chloride e le c tr o ly te s  (such as sodium ch lorid e  or tr ic h lo r a c e t ic  acid) 
have been found to  form film s  o f  type (b) w ith  rapid  formation o f  lo c a lis e d  
p i t t in g .  Ivlonochloracetic a c id  g iv es  a b a r r ier  film  w ith on ly  a very  slow  
ra te  o f  p it  form ation . I t  i s  p o ss ib le  th a t a so lu b le  titan ium  complex may 
be formed w ith  hydroch loric or tr ic h lo r a c e t ic  a c id s  whereas complexes are 
not formed w ith  m onochloracetic a c id .
I t  i s  considered th a t when titan ium  i s  anodized in  aqueous
e le c tr o ly te s  a t  25°C the amount o f  titan iu m  going in to  so lu tio n  depends on 
the corrosiven ess o f  th e  e le c tr o ly te  used; t h is  may be r e la te d  to  the 
tendency to  form complexes® Thus in  h ig h ly  corrosive e le c tr o ly te s  such as 
sulphuric a c id  la rg e  amounts o f  titanium  have been observed to  go in to
s o lu t io n , in  s l ig h t ly  corrosive  e le c tr o ly te s  such as a c e t ic  a c id  sm all
amounts o f  titan ium  go in to  so lu tio n , in  non-corrosive e le c tr o ly te s  such as 
sodium tetrab orate , o x id a tio n  to  titan ium  oxide appears to be the so le  
p r o c e ss .
R aisin g  the temperature to  90 °G did  not produce th ick  porous oxide  
film s and probably r e su lted  in  the anodic decom position o f one or more 
co n stitu en ts  o f the e le c t r o ly t e .  Temperatures o f 90 C were found by  
Lakhiani and Sh reir  to  be favourable to  th e  form ation o f r e la t iv e ly  th ic k  
oxide film s on niobium in  a c e t ic  a c id  so lu tio n s  but th e  increased
6l+
temperature in  t h i s  case favours " f ie ld  c r y s ta l l i s a t io n " .
Conclusion
Anodic ox id ation  o f  titanium  a t  25°C in  the e le c tr o ly te s  in v estig a ted  
(excep t 80- 9&kfo form ic a c id , which i s  d iscu ssed  in  subsequent chapters) 
r e su lte d  in  n o n -lin ea r  V -t curves a t constant current d e n s ity . A fter  an 
i n i t i a l  r e la t iv e ly  rapid  ra te  o f  v o lta g e  r is e  th e ra te  decreased so th a t  
the maximum p o te n t ia l d id  n o t, in  many c a se s , exceed /xx60V. The non- 
l in e a r i t y  o f the V -t curves appears to  he a sso c ia ted  w ith  th e formation o f  
cracks or "b listers and has "been th e su b ject o f fu rth er  in v e s t ig a tio n s  in  
the case o f  satu rated  "borax and formic a c id  so lu tio n s*  X11 the case of 
corrosive  e le c t r o ly t e s ,  e tch in g  o f th e  m etal surface occurred preventing  
f ilm  form ation to  any appreciab le e x te n t•

66
Anodic O xidation o f titan ium  In formic a c id
Titanium when a n o d ica lly  p o la r ized  in  a c id  e le c t r o ly t e s ,  u su a lly  foims 
an oxide film  which, grows to  on ly  a lim it in g  th ick n ess , a f t e r  which oxygen 
ev o lu tion  becomes th e predominant e lectrod e  process* The form ation v o lta g e  
then remains constant except in  cases where film  breakdown and rep a ir  
o ccu rs.
On the o th er  hand, in  sodium ch lorid e  e le c tr o ly te s  f ilm  growth 
proceeds to  a v o lta g e  o f on ly  12-1i+V as lo c a l is e d  corrosion  occurs at  
is o la te d  p o in ts  on the m etal su rfa ce .
In  the course o f  the present work i t  was d iscovered  th a t the anodic 
behaviour o f  titan ium  in  formic a c id  d if fe r e d  con sid erab ly  from th at in  
oth er e le c tr o ly te s  and th a t a m icrop itted  surface could be produced on 
titan ium  in  t h is  e le c tr o ly te  a t appropriate concentrations and tem peratures. 
Although titanium, e x h ib its  lo c a l is e d  p i t t in g  in  ch lorid e  so lu tio n s  (a t  
p o te n t ia ls  o f 12V-) , th e  production o f uniform m icro -p its  over the titanium  
m etal surface appeared to  be unusual and i t  was considered  o f in te r e s t  to  
in v e s t ig a te  th e behaviour o f titan ium  in  form ic a c id  more f u l l y  and to  
endeavour to  e lu c id a te  th e  mechanism o f formation o f the th ree d if fe r e n t  
types o f  oxide film  th a t may be produced in  t h is  e le c tr o ly te  under 
d if fe r e n t  con d ition s o f  concentration  and tem perature.
Experim ental d e ta i l s
Sheet titanium  specimens ( 2cm x 2cm) were abraded on s i l i c o n  carbide 
paper down to  grade 600 and f in a l ly  etched in  a so lu tio n  contain ing 3 0 / HP, 
3 0 / H2S0^ and hfiffo HNO .^ Each specimen was then suspended between two 
platinum cathodes in  th e  e le c t r o ly t ic  c e l l  and anodized u sin g  a current 
d e n s ity  o f 5mA/cm2 . V oltage-tim e curves were determined usin g
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concen trations o f  1 /  to  concentrated form ic a c id .
The e f f e c t  o f concen tration  o f formic a c id  (25°C)
I t  was observed th a t at concentrations o f  form ic a c id  below 6 0 / a 
m icrop itted  surface was produced and titanium  sim ultaneously  d is so lv ed , 
the oxide forming a w hite p r e c ip ita te  in  th e  e le c t r o ly t e .  At concentra­
t io n s  between 70/  to  9 6 -9 7 / very h igh  p o la r iz in g  v o lta g es  o f  up to ifOOV 
were a tta in e d , and a homogeneous b a r r ier  film  was formed. I t  should be  
observed th a t t h i s  v o lta g e  was considerab ly  h igh er  than th a t obtained  
u sin g  a saturated  borax s o lu t io n . Using a 9 7 / to  concentrated so lu tio n  a 
th ic k , y e llo w , non-adherent oxide was obtained w ith general corrosion  o f  
the m etal su r fa ce . The maximum vo lta g e  obtained in  th is  range was on ly  
70-130V.
I t  would appear th at 9 6 -9 7 / form ic ac id  marks the tr a n s it io n  from the  
region  where a b a r r ie r  f ilm  forms ( i . e .  70”96 /  form ic acid) to  the region  
o f  corrosion  ( i . e .  97“iOO/ form ic acid) . With 96^ /  form ic a c id , the  
form ation o f a y e llow , non-adherent oxide occurred at a v o lta g e  o f  60V fo r  
AO min a f t e r  which th e vo ltage  increased  ra p id ly  to  ifOOV. This was c le a r ly  
due to  th e form ation o f a b a r r ie r  film  underneath the th ick  ye llow  film  
and r e su lted  from m igration and d if fu s io n  o f anions through the i n i t i a l l y  
formed f i lm . The form ation o f  t h is  b a rr ier  f ilm  r e su lte d  in  an in crease  
in  v o lta g e  and caused the yellow  film  to  be detached.
The vo lta g e-tim e  curves for  d if fe r e n t  concentrations a t  23°0 are 
shown in  F ig . 10.
Dependence o f  “maximum form ation v o lta g e ” (Vm) on concentration
Although the term "maximum form ation voltage" has no s c ie n t i f i c  
s ig n if ic a n c e  sin ce  th ere  i s  no th e o r e t ic a l maximum (assuming absence o f
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FIGURE 10
V -t curves in  form ic a c id  (25°C? 5m k/cm2)
LEGEND
A 9Ofo form ic a c id  ("barrier film )
B 9^2^ form ic a c id  (b a rr ie r  film )
C 80^ form ic a c id  (b a rr ier  film )
D 60fo form ic a c id  ( t r a n s it io n  to  m icrop ittin g)
E form ic ac id  (m icrop ittin g)
F concentrated form ic a c id  (non-adherent film )
G formic a c id  (m icrop ittin g)
H k-Ofo form ic a c id  (m icrop ittin g)
I  10^ form ic a c id  (m icrop ittin g)
J 20fo form ic a c id  (m icrop ittin g)
K 96^  form ic a c id  (non-adherent film )
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f ilm  breakdown or zero current e f f ic ie n c y  e t c .)  i t  i s ,  however, p o ss ib le  
to  s e le c t  w ith  d is c r e t io n  (by con sid eration  o f  the n o n -lin e a r ity  o f  the  
V -t curves) a Mmaximum form ation voltage" (Vm) rep resen ta tiv e  o f each 
con cen tra tion . See curves C and D o f  F ig .10.
The dependence o f Vm on concentration  in  the case o f  film s formed a t
25°C and 5 mA./cm2 i s  shown in  F ig .1 1 . I t  i s  o f in te r e s t  to  note that t h is  
curve i s  the converse o f th a t showing the dependence o f  w eight lo s s  on 
concentration  (F ig .15) and the value o f Vm b ein g  g rea tes t (4O0V) where the  
w eight lo s s  i s  le a s t  and the value o f Vm having a minimum value a t a
concentration  ( 40 >^ v .v ) where the v/eight lo s s  curve had a maximum.
The "maximum form ation voltage" in  the case o f film s formed a t $0°G 
d id  not show any s ig n if ic a n t  v a r ia tio n  fo r  v a r ia tio n s  o f e le c tr o ly te  
concen tration  and was found to be l e s s  than 20V in  most co n cen tra tion s.
I t  was considered th at the h igh  temperature (90°C) re su lted  in  in creased  
e le c tr o n ic  co n d u ctiv ity  o f the o x id e . A s im ila r  e f f e c t  has been obtained  
in  the o th er  corrosive  and non-corrosive e le c tr o ly te s  described  p rev io u sly  
showing th at t h i s  phenomenon i s  not confined to  form ic a c id .
The e f f e c t  o f  temperature
I t  i s  apparent from th e maximum vo ltage  obta ined , th a t , w ith  
e le c tr o ly te s  th a t produce a b a r r ie r  film  the th ick n ess  o f  the film  
d ecreases w ith  in crease  in  e le c tr o ly te  temperature owing to  a decrease in  
form ation e f f ic ie n c y .  T his was evident from th e extent o f  gas e v o lu tio n . 
In  form ic a c id  i t  was on ly  p o ss ib le  to  obtain  a very th in  b a r r ie r  f ilm  a t  
temperatures g rea ter  than 50 0 . There appeared to  be a considerab le  
decrease in  the ra te  o f o x id ation  and copious gas evo lu tion  and i t  i s
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FIGURE 11
E ffe c t  o f  concentration  on "maximum form ation v o lta g e ” (25°C, 5mA/cnfi)
LEGEND
A h a r r ier  film
B tr a n s it io n  to  m icro p ittin g
C m icrop ittin g
D ye llo w  non-adherent film s
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probable th a t , under th ese  co n d itio n s, o x id a tion  o f form ic ac id  occu rs.
The e f f e c t  o f temperature and concentration  on the anodic p o la r iz a tio n  o f  
titan ium  in  formic a c id  i s  shewn in  F ig .12 . Dependence of V -t curves on 
temperature fo r  titan ium  specimens anodized in  Ifo v .v  form ic a c id  a t  
5 m k/cm2., i s  shown in  F ig  . 13 .
Dependence o f  “maximum form ation voltage" (Vm) on temperature (1$ v .v
form ic acid)
The dependence o f  Vm on temperature in  the case o f  film s formed in  Afo 
form ic a c id  a t 5 mA/cm2 i s  shown in  F i g .14. I t  i s  o f in te r e s t  to  note th a t  
th is  curve has a maximum va lu e a t  45 °C which co in c id es  w ith  the tr a n s it io n  
reg ion  shown in  F ig . 12. I t  i s  considered th a t the io n ic  current d en sity  i s  
p r a c t ic a l ly  n e g lig ib le  a t  90°0 r e su lt in g  in  low form ation v o lta g e s . On the  
oth er  hand a t 25 °C i t  would appear th at the io n ic  current i s  s u f f i c ie n t ly  
high and the e le c tr o n ic  current s u f f i c ie n t ly  low to  produce corrosion  ( in  
the form o f m icrop ittin g) a t low p o t e n t ia ls .  In  the tr a n s it io n  reg ion  i t  
i s  probable th a t the io n ic  current i s  too  low to produce su b sta n tia l  
corrosion  and the e le c tr o n ic  current i s  too  low to  produce a pronounced 
reduction  o f  form ation e f f ic ie n c y  r e su lt in g  in  a behaviour which, i s  
t r a n s it io n a l in  character, thus producing the h ig h est form ation v o lta g e .
Gravim etric s tu d ies  o f  titan ium  when a n o d ica lly  p o la r ized  in  d if fe r e n t
concentrations o f formic ac id
Titanium  specimens were prepared as p rev io u sly  d escr ib ed , weighed and 
then anodized fo r  four hours a t 25°C and 5 mA/cm2 . A fter  anodizing the  
specimens were washed, dried and reweighed. The w eig h tlo ss-co n cen tra tio n  
curve (shown in  F ig *15) was found to  have a maximum a t 40 per cent by  
volume o f formic a c id . T his behaviour shows s im ila r it ie s  w ith  th e
Ik
FIGURE 12
E ffe c t  o f concentration  and temperature c3^2)
LEGEND
A "barrier film s
B tr a n s it io n  to m icro p ittin g
C m icrop itt ing
D ye llo w  non-adherent film s
E tr a n s it io n  region
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FIGORE 15
V -t curves fo r  form ic a c id  a t  various tem peratures (5mA/cm2)
LEGEND
A 40 °G
B 35 °C
C 25°C
D 45 °C
E 86 °C
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FIGURE iZf
E ffe c t  o f  temperature on "maximum form ation voltage"  
in  1/o form ic a c id , 5niA/ cm2
LEGEND
A "barrier film s
B tr a n s it io n  to  m icro p ittin g
C m icro p ittin g
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chemical corrosion  o f  titanium  in  formic a c id  (F ig .16) .
Chemical corrosion  o f titan ium  in  form ic a c id
The chemical corrosion  o f titan ium  in  organic ac id s  has "been 
in v e s t ig a te d  by  Lane, Golden and Acherman ( 42) • They in v e s tig a te d  the  
important part p layed hy oxygen in  in h ib it in g  corrosion  in  various  
concentrations o f form ic a c id  "by using aerated  and de-aerated  so lu t io n s .  
They found that r a te s  in  oxygen-free 5 0 / hy wt form ic a c id  a t  "both 60°C 
and 100°C and in  oxygen-free 2 5 / formic a c id  a t  100°C were many tim es 
h ig h er  than in  th e  corresponding aerated  so lu tio n s  at th ese  tem peratures. 
They a lso  observed the phenomenon of "borderline p a ss iv ity "  shown by  
tita n iu m . Thus in  cer ta in  so lu tio n s  i t  was found th a t th e  corrosion  
behaviour depended on various fa c to r s , i . e .  th e th ick n ess  and co n tin u ity  
o f a ir  formed f ilm s , the smoothness o f  th e surface and v a r ia tio n s  in  th e  
ra te  o f  a era tion  e t c .  For example, in  each se t  o f  four samples te s te d  in  
n itro g e n -a g ita te d  50% form ic ac id  at 60°C and 100°C, there was one titanium  
sample which showed no v i s ib le  s ig n s o f  corrosion  (a  rate  o f  l e s s  than 
0 .2  m il/y ) . These samples reta in ed  th e ir  p a s s iv ity ,  -whereas th e ir  
r e p lic a te s  did n o t . Two o f  th e fou r samples exposed to  n itro g e n -a g ita te d  
25% formic a c id  a t 100°C gave ra te s  o f l e s s  than 0 .3  m il /y  although r a te s  
fo r  th e  o th er  two were 227 an<3- 3 2 .2  m il/y*  Examples o f b o rd erlin e  
p a s s iv i ty  were reported b y  Hutchinson and Permar (43) in  b o i l in g  5 0 / form ic 
a c id .
The importance o f  oxygen fo r  th e p a ss iv a tio n  o f titan ium  in  formic 
a c id  (a  reducing agent) has been in d ica ted  by Lane, Golden and Acherman 
( 42) • These workers con sid er  th a t an adequate supply o f  oxygen w i l l  not
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FIGURE 15
e ig h t - lo s s  in  d if fe r e n t concentrations o f  form ic a c id  ( 25°c)
LEGEND
C m icro p ittin g
B tr a n s it io n  region
A "barrier film s
D y e llo w  non-adherent film s
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FIGURE 16
Corrosion o f  titanium, in  form ic a c id  (35°C) 
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d if fu s e  to  the "base o f  scratches on a titanium  m etal surface so th at  
p a ss iv a tio n  may not occur a t th ese  a r ea s . Soluble complexes may he foimed 
in s te a d . I t  i s  apparent, th er e fo re , th a t the chemical a c tio n  o f formic 
a c id  on titan ium  i s  ch aracterized  hy  two e f f e c t s ,  corrosion  or 
p a ss iv a tio n , e ith e r  o f which may occur on two id e n t ic a l  specimens 
m aintained in  th e same concentration  o f formic a c id  w ithout any 
in te n t io n a l change in  th e  con d ition s o f the h a th .
I t  i s  considered th a t p a ss iv a tio n  and a c t iv a t io n  may occur 
sim ultaneously  on a s in g le  specimen during anodic p o la r iz a t io n .
Sim ultaneous p a ss iv a tio n  and corrosion  i s  considered th erefo re  to  he an 
inherent property o f the a c tio n  o f  form ic a c id  on titan ium  and in  the 
sp e c ia l case o f m icro p ittin g  th e phenomenon may he enhanced hy th e  
incid en ce o f  cracks on the anodic ox id e . The la t t e r  phenomenon w i l l  he 
considered subsequently .
As a r e s u lt  o f th ese  in v e s t ig a t io n s  i t  i s  evident th at a t room 
temperature film  form ation or corrosion  i s  dependent on a c id  con cen tration . 
T his v a r ia tio n  in  behaviour which i s  i l lu s t r a t e d  c o n s is te n t ly  hy F ig s .10, 
11, 12 and 15 i s  considered to  he the most s ig n if ic a n t  fa c to r  o f th e  
anodic behaviour o f titan iu m  in  form ic a c id . Subsequent s tu d ies  o f f ilm  
stru ctu re  and oxide h e tero g en e ity  have been found c o n s isten t w ith  t h i s  
general tr en d .

Anodic oxidation of titan ium  in  sodium te trab o ra te
Sodium tetrab ora te  i s  one o f  the commonly used e le c tr o ly te s  fo r  the  
production o f  b a r r ier  film s on aluminium and i s  o f commercial importance 
in  the manufacture o f e le c t r o ly t ic  condensers* U sing t h is  e le c t r o ly t e , 
b a rr ier  film s  may be formed on aluminium to form ation v o lta g e s  o f  as h igh  
as 500V or more ( 23) * I t  was considered o f in t e r e s t ,  th er e fo re , to  
in v e s t ig a te  the form ation o f anodic oxide f ilm s  on titanium  -when u sin g  
t h is  e le c tr o ly te *  In v e s t ig a tio n s  were carried  out in  saturated  borax  
so lu tio n  a t 5mA/cm2 and 25 °C u sin g  mounted titan ium  specimens (2  on x 2 cm) . 
The v o lta g e-tim e  curve i s  shown in  P ig *17 and i t  can be observed th at a 
p la tea u  occurs between ~JOV and 1007*
Method o f measurement of k in e t ic s  o f  f ilm  growth
An o p t ic a l apparatus was used which was developed in  t h i s  lab oratory  
and enabled f ilm  grovdh to  be determined k in e t ic a l ly  b y  measuring the 
in t e n s it y  o f  r e f le c te d  l ig h t  w h ile  the specimen m s  b e in g  anodized ( 35) • 
Using t h i s  apparatus, measurements were made o f  the v a r ia tio n  o f the  
in t e n s it y  o f  a beam o f l ig h t  due to  in ter feren ce  between the p arts o f  th e  
beam r e f le c te d  from the oxide and m etal su rfaces r e s p e c t iv e ly . The beam 
co n s is ted  o f p a r a lle l  monochromatic l ig h t  a t  normal incidence* A constant 
current s t a b i l i s e d  power supply was used fo r  anodizing*
C alcu la tion  o f  th ick n ess per v o lt
When two components o f  a beam o f  l ig h t  are r e f le c te d  (normally) a t  
the e le c tr o ly te /o x id e  and ox id e/m eta l in te r fa c e s  r e sp e c t iv e ly , th ey  became 
out o f phase due to  a path d iffe re n c e  o f 2nd + (% + /)g j: > a llow ing fo r  a 
phase change o f  % a t  the liq u id /o x id e  in ter fa c e  and a res id u a l phase
FIGURE 17
t  curve in  saturated  sodium tetrab ora te  so lu tio n  
LEGEND ..
A The p o in t A shows a p la tea u  due 
to  the form ation o f  cracks in  
the oxide and corresponds w ith  
the poin t A ,o f P ig .21 . where 
there i s  a minimum in  the  
v o lta g e -r e s is ta n c e  cu rve.
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change 0  due t o : -
(a) the phase change a t th e  m eta l/ox id e in te r fa c e ,
(b) the oxide "being s l ig h t ly  absorbing,
(c) the i n i t i a l  oxide f i lm  a lread y  present on the m etal su rfa ce , 
v/here n i s  the r e fr a c t iv e  index o f  the oxide f ilm , d the film  th ick n ess ,
\  the w avelength o f  th e  l ig h t  used*
The con d ition s for maximum and minimum r e f le c te d  in t e n s it y  are 
given  by 2nd + c h  = mX, (c  = a con stan t, m i s  the order o f in te r ­
feren ce) , . . . . . .  ( l )
so th a t su b s titu tin g  m = -g- g iv es  the th ick n ess  a t the i s t  minimum and 
su b s t itu t in g  m = 1 g iv es  the th ick n ess  a t  the 1st maximum, e t c .
Prom equation ( l )
m = + c   (2)
V
V i
At a g iven  th ick n ess  d , -  = P = g  where P i s  the f i e l d  across the
f ilm  and K i s  the "growth rate" a t the current d e n s ity  stu d ied . S in ce
at a g iven  current d e n s ity  K i s  constant fo r  a l l  va lu es  o f m, s u b s t i­
tu t in g  fo r
d = M  in  (2) ,
then m = + 0 .
\
P lo t t in g  m, the order o f  in te r fe r e n c e , ag a in st V should g iv e  a s tr a ig h t  
l in e  o f slope and the th ic k n e s s /v o lt ,  K, can be ca lcu la ted  provided
the r e fr a c t iv e  ind ex, n , i s  known or can be determ ined. I t  should be 
emphasised th at K w i l l  depend on the ra te  o f  forming th e f i lm , i . e .  the 
current d e n s ity  and i s  n o t , th e r e fo r e , a tru e  co n sta n t.
91
Experim ental D e ta ils
Specimens, 2 cm x 2 cm area , (hot r o lle d  I .C .I .  titanium ) having  
titan ium  w ires spot welded to th e hacks, were mounted in  1 Aral date* 
lea v in g  an exposed area of 4- cm2 .
The su rfaces were prepared hy  h u ffin g , which was used a f t e r  
u n su cc e ss fu lly  attem pting to  p o lish  th ese  specimens h y  e lec tr o  l y t i c  and 
chemical means.
Specimens were degreased in  "benzene and washed in  d i s t i l l e d  w ater  
b efore  anod izing .
The e le c tr o ly te  was a saturated  so lu tio n  o f  "borax (AnalaR) and a 
fr e sh  so lu tio n  was used fo r  each determ ination .
R esu lts
At slow s t ir r in g  speeds, and at v o lta g es  between U0-70V i t  was 
found th a t oxygen accumulated on the oxide su r fa ce . This had the e f f e c t  
o f producing an extra  maximum o f r e f le c te d  in te n s ity  a t  50V and reducing  
the normal maximum con sid erab ly . In  order to  check th a t th is  was not a 
genuine maximum, a s e r ie s  o f specimens were anodized to  d if fe r e n t  
v o lta g es  in  t h i s  region  and th e in ter feren ce  colours observed. Only one 
order o f  in ter feren ce  was observed in  t h i s  region  u sin g  yellow  l i g h t ,
i . e .  a p a le  b lu e  co lour was obtained a t 35 V o lts , vzhich i s  the f i r s t  
minimum fo r  Hg y e llo w  l i g h t ,  and a y e llo w  colour was obtained at 65 v o lt s  
which i s  the f i r s t  maximum for Hg y e llo w  l i g h t .
I t  was a lso  p o ss ib le  to  observe v i s u a l ly  th a t oxygen clung to  the  
m etal surface a t slow s t ir r in g  speeds but not at fa s t  s t ir r in g  speeds, 
which e lim in ated  the f a ls e  maximum and gave a true r e f l e c t iv i t y  curve.
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F ig . 18 shows the in t e n s i ty/ ‘vo lta g e  r e la t io n sh ip  and F ig . 19 the  
order o f  in te r fe r e n c e /v o lt  age r e la t io n sh ip , using  fa s t  s t ir r in g .
From F ig . 19 th e slope o f the order o f  in ter fe r en ce /v o lta g e  curve 
= 0.015 o r d e r s /v o lt .
Now, K = 75— x slop e = x  0.015
For Hg ye llo w  l i g h t ,  the mean X = ■57.7Q...+.,,.5.I9^ -  578oi£. The r e fr a c t iv e
ind ex , n , was taken as 2 .36  from th e value given hy  Hass (44) fo r  
anatase a t th is  w ave-length .
K = = 18 .4S /TOi t .2 x 2 .3 6  '
The rate o f growth o f the oxide film  formed on titanium  in  "borate 
so lu tio n s  i s  18 .4 2 /v o lt  assuming th e  oxide has a r e fr a c t iv e  index o f  
2 .3 6  (a n a ta se ) . E lectron  d if fr a c t io n  s tu d ies  have in d ica ted  that anodic 
o x id a tio n  o f  titan ium  r e s u lt s  in  th e  form ation o f  a film  o f anatase, 
which j u s t i f i e s  th e  use o f  t h is  value o f the r e fr a c tiv e  in d ex .
D eterm ination o f the dens i t y  o f titan ium  d iox ide produced during an od izing . 
Experim ental d e ta i l s
The d en sity  o f  anodic titan iu m  d io x id e , an atase , was determined 
u sin g  the value 1 8 .4 2 /v o lt  fo r  the "growth ra te" . Saturated borax 
so lu tio n  was used  a t 25 °0 and ^mk/cm2 and the specimens were prepared b y  
b u ff in g . The anode was suspended between two platinum  e lec tro d es  and to  
enable weight measurements to b e made a ccu ra te ly  on a m icro-balance  
(accuracy +0.02 mg) , the titanium  was in  the form o f  sheet 5 x 3 x 0 .025 cm,- 
Both s id e s  were taken in  c a lc u la tin g  th e  current d e n s ity , i . e .  30 cm .
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FIGURE 18
In te n s ify /V o lta g e  curve fo r  saturated  "borax so lu tio n  (5mA/an2 , 25
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FIGURE 19
Order o f  in ter feren ce /V o lta g e  curve
9 6
o
CM
O
COi—I
CO
LfSCM
rHCM
9 0 U 9 « i9 j .i9 q .t iT  j o  j t g p jQ
96
P
ot
en
ti
al
 
(V
)
97
R esu lts
The weight g a ir /v o lta g e  curve i s  shown in  R ig *20. In  c a lcu la tin g  
the d e n s ity  th e  oxide was assumed to he s to ich io m etr ic  and to  have the  
chemical formula T i0 £ . I t  should he observed th a t I .C .I .  ( 45) have found 
th a t the anodic oxide i s  h rook ite  up to  a th ick n ess  o f  45-$ > b rook ite  
to g eth er  w ith  anatase from 45$- to  170$. and from 170$. -  330$. on ly  an atase . 
The atomic w eight o f  Ti02 i s  79-9 so th a t 79*9g o f  Ti02 correspond to  an 
oxygen uptake o f 32g , i . e .  to  a w eight gain o f 32g .
79 9Hence - i . e .  2 .49g o f Ti02 are formed per gram w eight gain o f oxygen. 32
Hence i f  M = mass o f Ti02 formed h y  anodizing up to  v o lta g e  V say,
M = Aa^r = A M p  
M _ AKV/Oand w eight gain =
2 .49  2 .49
Hence a graph o f w eight gain  a ga in st v o lta g e  has slope ,
2 .49
so th a t p  = •^4— x s lo p e ,
where = d e n s ity  o f anodic T i02 , A = t o t a l  specimen area and 
K = th ick n e ss /v o I t  which has been determined p rev io u s ly  as l8 .4 $ /v o lt  
assuming an anatase s tr u c tu r e .
The slope o f the graph o f  w eight gain  a g a in st V was found to  he
9.24  x 10~6g /v .
. . .  ~  2 .49 x 9 .2 4  x 10”6Hence d e n s ity  /Q =   ------*—----— —
30 x 1 8 .4  x 10"”
i . e .  yO = 4*16 g ram s/c .c .
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FIGURE 20
Weight g a in /v o lt  age curve
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COMPARISON BETWEEN SODIUM TETRABORATE AND FORMIC ACID AS ELECTROLYTES 
R esu lts
The i n i t i a l  "barrier film  formed on titan ium  d if fe r e d  according to  
the anod izing con d ition s and th is  f ilm  appeared to  a f f e c t  subsequent film  
growth. T h is behaviour o f  titanium  can be summarized as:
(a) In  saturated  borax so lu tio n  a heterogeneous film  was formed as  
shown by the d if fe r e n t  in ter feren ce  colours on d if fe r e n t c r y s ta l fa c e s .  
Cracks were observed a t 60V but were fo llow ed  by h ea lin g  and subsequent 
f ilm  form ation .
(b) In  70“96 per cent by v o l form ic a c id  a r e la t iv e ly  le s s  
heterogeneous film  was observed. High v o lta g e s  300 to i+OOV were p o s s ib le .
(c) At concen trations l e s s  than i+O per cent formic a c id  a . 
heterogeneous film  was formed i n i t i a l l y  as in  (a) but corrosion  
subsequently occurred in  the form o f  m icro -p it s .
(d) In  97 to 100 per cent by volume o f formic a c id  a homogeneous 
b a r r ie r  f ilm  was formed as in  (b) but corrosion  subsequently occurred the  
b a r r ie r  f ilm  being rep laced  by a y e llo w , non-adherent oxide f i lm .  
D iscu ss io n  o f  r e s u lt s
Cracks which were observed to be present in  b a r r ie r  film s  formed in  
saturated  borax so lu tio n  are considered to  be due to  s tr e s s e s  which a r ise  
owing to  th e volume o f  the titan ium  d iox id e  formed b ein g  g rea ter  than the  
•volume o f m etal consumed, a s  the volume r a t io  o f T i0 2 /T i i s  1*9* Hence 
im m ediately a monatomic la y e r  o f  an adherent oxide i s  produced s tr e s se s  
w i l l  develop by  form ation o f fu rth er  oxide in s id e  t h is  la y e r , provided film  
growth i s  due to th e passage o f the anion through th e  oxide to th e m etal 
ra th er  than titan ium  ca tio n s outwards.
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Hass (kk) Has shown th a t oxygen anions pass inwards through the  
i n i t i a l l y  formed titan ium  dioxide so th a t titanium  oxide i s  formed a t th e  
m eta l/ox id e  in te r fa c e . I t  i s  ev id en t, th ere fo re , th a t the a n o d ica lly  
formed oxide w i l l  he in  compression a t th e  m eta l/ox id e  in te r fa c e  and in  
ten sio n  a t the e le c tr o ly te /o x id e  in te r fa c e  and a t a c er ta in  th ick n ess  
th ese  fo r c es  w i l l  r e su lt  in  rupture o f the o x id e . T his i s  in  agreement 
w ith  the observation  th a t many e le c t r o ly t e s ,  e .g .  su lphuric a c id , produce 
b a r r ier  f ilm s  on titan ium  which g iv e  breakdown below  100V and i s  fu rth er  
In d icated  by the minimum a t A in  the r e s is ta n c e -v o lta g e  curve o f  
saturated  borax so lu tio n  (F ig .21) . Cracking and h ea lin g  o f the oxide i s  
apparent from the p la teau  which occurs on the v o lta g e -tim e  curve usin g  
satu rated  borax so lu tio n  (F ig .17) and presumably th e oxide reaches a 
l im ite d  th ick n ess  a f t e r  which cracking o f  the film  occu rs.
Other in v e s t ig a to r s  (29) have found evidence o f cracks in  
b a r r ier  f i lm s . Young (29) r e fe r s  to  cracking and subsequent h ea lin g  of 
oxide f ilm s  during the anodic o x id a tio n  o f  tantalum .
In  concen trations o f 70~96 I>e r  cent by volume o f form ic ac id  the  
v o lta g e-tim e  curve i s  l in e a r ,  probably due to  th e  absence o f cracks in  
the o x id e . I t  should be observed th a t a v o lta g e  o f  300-400V can be 
a tta in ed  in  th is  e le c t r o ly t e ,  whereas w ith  saturated  borax so lu tio n  
breakdown occurs a t 250V. Oxide form ation, however, may be occurring In  
th e  case o f  70-96 per cent b y  v o l form ic a c id  a t th e o x id e /e le c tr o ly te  
in te r fa c e  where, according to  Young (4-6) a s t r e s s - fr e e  oxide may be  
formed independent o f  th e  titan iu m  d io x id e /tita n iu m  volume r a t io  provided  
the m etal surface i s  p lan ar. The absence o f  evidence o f  cracks su ggests
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FIG-UEE 21 
R e sis ta n ce /v o lta g e  curve
LEGEND
A The minimum value a t th e  
poin t A i s  a fu rth er  
in d ic a tio n  o f  cracking o f  
the oxide and co in c id es  w ith  
the p la teau  o f th e  V -t curve
( F ig .17) •
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th a t oxide growth, i s  hnr th e  passage o f th e  m etal ca tion  through the oxide  
to  th e  o x id e /e le c tr o ly te  in te r fa c e . The sharp con trast "between Tooth the  
vo lta g e-tim e  curves obtained in  saturated  borax (max# vo ltage  250V)
(F ig *17) aad 95 par cent by volume form ic a c id  (max. v o lta g e  40OV)
(F ig . 10) may be expla ined  in  t h i s  way.
I t  i s  o f in t e r e s t  to  note th a t b a r r ie r  f ilm s  are formed on 
aluminium to v o lta g e s  as h igh  as 500V or more ( 23) where oxide formation  
i s  by th e  passage o f  th e  aluminium ca tio n  through the oxide f i lm . I f  the 
oxide forms a t the m eta l/ox ide  in te r fa c e , a cracked oxide i s  l ik e l y  to  
form and h igh  v o lta g e s  cannot be ach ieved .
M icroscopical examination has shown th at in  low con cen tration s,
<£. Lfifo by  v o l form ic a c id , a lim ite d  film  th ick n ess i s  f i r s t  a tta in ed  and 
then m icro p ittin g  occurs on the th in n er p ortio n s o f  the heterogeneous 
oxide formed. P en etra tion  o f  th ese  th in n er  areas lea d s  to  a tta ck  o f the  
m eta l. The form ation o f th ese  m icro -p its  appears to  be confined to  the  
titanium /form ate system and there i s  no evidence o f  t h i s  behaviour by  
oth er  system s.
The ye llo w  non-adherent film  may be due to h y d ro ly s is  o f  the  
corrosion  products in  the immediate v i c in i t y  o f the anode. Although i t  i s  
on ly  formed in  form ic a c id  contain ing l e s s  than 2 /  v / v  w ater, i t  i s  
p o ss ib ly  a form of titan ium  d io x id e .
B a rr ier  film s  in  saturated  borax s o lu t io n
Some o f the p ro p erties  o f  b a r r ier  film s formed in  saturated  borax  
so lu tio n  a t 5niA/cm  ^ and 25°G appear to  be qu ite d if fe r e n t  to  those o f  
b a r r ie r  f ilm s  formed in  9 0 / by v o l  form ic a c id . D ifferen ces  have been
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observed in : -
(a) V oltage-tim e curves*
(b) Maximum formation v o lta g e .
(c) H eterogeneity  o f  th e o x id e .
The fo llo w in g  observations are r e le v a n t: -
(a) V oltage-tim e curves are l in e a r  in  th e case o f  9 0 /  by v o l form ic  
a c id  but show a p la teau  between ~J0 to  100V in  the case o f saturated  borax  
s o lu t io n . Hence i t  i s  assumed th at cracks f i r s t  appear on b a r r ier  f ilm s  
formed in  saturated  borax so lu tio n  a t JOY and th a t h ea lin g  takes p lace
a t  100V.
(b) Maximum form ation v o lta g es  o f 350-400V are p o ss ib le  in  
concen trations o f  9 0 - 9 ^ /b y  v o l  form ic acid  whereas the maximum form ation  
v o lta g e  p o s s ib le  in  saturated  borax so lu tio n  i s  250V.
(c) I t  i s  considered th a t the in cid en ce o f  cracks in  b a r r ier  f ilm s  
formed in  b orate  i s  favoured by the h e tero g en e ity  o f  th e ox id e , whereas 
the absence o f  cracks on film s formed in  90- 96/  form ic a c id  i s  co n sisten t  
w ith  oxide u n iform ity .
I n te n s ity  -  v o ltage  curves o f saturated  borax so lu tio n  and 1 % v /v  form ic
a c id
The in t e n s it y  vo lta g e  curve o f satu rated  borax so lu tio n  ( F ig .18) 
in d ic a te s  a film  th ick n ess  o f 3 to  4- orders o f in ter feren ce  co lo u rs . The 
in te n s ity -v o lta g e  curve fo r  1 /  v /v  formic a c id  (F ig .22) in d ic a te s  a f ilm  
th ick n ess  o f  1 order o f  in ter feren ce  colours a f t e r  which the in t e n s i t y  
decreases to  a very  low  value due to  roughening o f the oxide surface and 
subsequent m ic r o p itt in g . R e flec ted  in te n s ity  measurements were made a t
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FIGURE 22
In te n s ity /v o lta g e  curve fo r  1$ form ic a c id
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25°0 and a current d en sity  o f 5mA/cm2 «
D iscu ssio n  o f  r e s u lt s
The anodic ox id ation  o f  titanium  in  satu rated  "borax so lu tio n  g iv e s  
r is e  to  a "barrier film, which i s  i n i t i a l l y  non-uniform in  th ick n ess and 
la t e r  develops s tr e s s e s  in  the oxide which are considered to  produce 
cracks <>
These s tr e s s e s  may "be due to  the oxide to  m etal volume r a tio  of 
1 .9  fo r  according to  Kubaschewski and Hopkins ( 47) an oxide to  metal r a tio  
d if fe r in g  from u n ity  w i l l  in e v ita b ly  cause s tr e s s e s  and the volume r a tio  
g iv es  a rough measure o f  the s tr e s s  magnitudeo
The presence o f  s tr e s se s  in  n ic k e l oxide film s  (oxid e to  m etal 
volume r a t io  o f 1 065) have "been demonstrated q u a lita t iv e ly  "by Evans (4-8) 
v/ho assumes th at the s tr e s se s  are roughly proportional to  the volume r a tio  
and to  th e f ilm  th ic k n e ssc He su ggests th a t m echanical "breakdown should  
assume the form o f  s tr e s s  cracking where adhesion i s  strong and cohesion  
i s  weak, and th a t b l i s t e r in g  w i l l  occur when adhesion i s  weak and cohesion  
i s  s tro n g .
The value 4*16 g /c * c . obtained fo r  the d en sity  of anodic titanium  
dioxide i s  considered to  be in  good agreement w ith  the value of the 
d e n s ity  o f the bulk form of b rook ite  and compares favourab ly w ith  the 
average of the va lu es fo r  r u t i l e  and an atase«
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Further S tudies o f M icro-pitting
Micro p i t t in g  m s  a lso  in v e s tig a te d  by: -
(a) m icroscop ica l s tu d ie s ,
(h) examination o f  c r o ss -se c t io n s  o f  p it te d  specim ens,
(c) examination o f scratch in g on a th ic k  h a r r ie r  f ilm ,
(d) ch lorid e  a d d it io n s .
The fo llo w in g  ob servations are re levan t
(a) The m icrop its when viewed under a m icroscope were observed to  
be uniform ly d is tr ib u te d  over the m etal surface but th e  p it  depth v a r ied . 
M icroscop ical exam ination in d ica ted  th a t the m icro p ittin g  a c tio n  o f formic 
a c id  was q u ite  d if fe r e n t  to  th a t o f sodium formate s o lu t io n . In  the la t t e r  
e le c tr o ly te  so lu tio n , etching o f the m etal surface occurred as w e ll as  
m icro p ittin g  w ith  l e s s  tendency for  in ter feren ce  co lours to be v i s ib le  than 
in  the case o f  form ic a c id . Jtirthermore th e  v is u a l appearance o f each 
coatin g  appeared to  be s l ig h t ly  d if fe r e n t although both  film s  were 
absorbing.
(’b) Pr o te c t iv e  coa tin g  for  c r o ss -se c t io n in g  specimens
A c r o s s -se c t io n  may be prepared b y  applying a p r o te c tiv e  coa tin g  to  
the titan iu m  m etal su rfa ce , mounting in  p la s t ic  and p o lish in g  
m eta llo g ra p h ica lly  (p re fera b ly  a t a sm all a n g le , e .g .  5 ° ,  to the surface) .
In  th e present work i t  was found th at e lec tro d ep o sited  copper was 
non-adherent and became detached during m etallographic p o lish in g . The 
fo llo w in g  immersion tech n iq u e, however, which included  a pre-treatm ent to  
a c t iv a te  the su r fa ce , gave good adhesion and was, th er e fo re , used .
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1 . A ctiv a tio n  o f the surface  
(pre-treatm ent w ith  palladium  ch loride)
S o lu t ion  compo s i  t  ion  
0 ,02  g /1  o f  PdCl^, ■
20 m l/ l  ' HC1.
Immersion tim e 1 min.
2 . Wash
A fter  pre-treatm ent the specimen was thoroughly washed in  d i s t i l l e d  
w ater.
3 ° Immersion n ic k e l p la t e
The n ic k e l so lu tio n  used has been described  by K e lle r  (A9) and 
r e su lte d  in  a coatin g  o f hardness k-2-5 VPN.
The specimen was immersed fo r  1y h a t 7-G“'90°C in  the so lu tio n  which
had the fo llo w in g  com position:
30 g / l  NiCl2 M p O p
10 g / l  NaH2P02 .H2 0 ,
10 g / l  Naz .C^ Hr-O-, Ho0 ,3 0 5 7 2 J
and having a pH of A”'6 .
When c r o s s -se c t io n s  were observed ‘under th e m icroscope i t  was
apparent th at the p i t s  penetrated  deeply in to  the m e ta l,
No b a r r ier  film  could be observed although i t  i s  reasonable to
assume th a t a th in  oxide film  i s  present a t  th e  apex of th e  p i t s .  The
c r o s s -se c t io n s  shown in  F igs .23a and 23b are ty p ic a l examples o f the
type o f m icrop its  which may be obtained .
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FIGURE 25a
S ection  a t 5° o f rnicropitted titan ium  (0.5/o by  
v o l formic ac id  + 0 Jyfo by wt sodium form ate, 5mA/cm2 , 
25°C) x 100. (Fragment o f  m etal can be seen  
protruding in to  th e  p la s t ic ^  T his in d ic a te s  deep 
etch in g  o f  th e su rfa ce .)
S ectio n  a t  5° o f rn icropitted  titan iu m  (l$>_by 
•vol form ic a c id , ^djA /cni2 } 25°C) x 66. (The absence 
o f  etch ing i s  apparent in d ic a tin g  the d iffe re n c e  
between form ic a c id  alone" and form ic a c id  + sodium 
form ate.)
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i i 4-
E ffe c t  of pH on the anodic p o la r iz a tio n  o f titan ium  in  form ic a c id
Formic acic^/sodium formate "buffer so lu tio n s  have "been used to  
study the e f f e c t  o f pH on the formation o f m icrop its on titan ium  and i t  
has "been shown th a t sodium forn ate  so lu tio n s  are capable o f producing 
m ic r o -p its . M icro-p its were produced over a wide range o f pH values  
(pH 0 ,5  to  9) showing th at the formate anion, ra ther  than the  
u n d isso c ia ted  a c id , i s  resp o n sib le  fo r  t h is  e f f e c t .  I t  i s  p o s s ib le ,  
however, th a t th e  e le c tr o ly te  w ith in  th e p i t s  may "be a c id  even when a 
s l ig h t ly  a lk a lin e  e le c tr o ly te  i s  used*
Low concen trations o f formate ion  appear to "be the most e f f e c t iv e  
in  producing m icro -p its  and as the concentration  o f formate i s  increased , 
a b a rr ier  film  i s  ev en tu a lly  produced.
The use o f sodium formate in stea d  o f formic a c id  as the e le c tr o ­
ly t e  so lu tio n  does, however, r e s u lt  in  a rn icropitted surface having a 
v is u a l appearence which i s  q u ite  d if fe r e n t  although both  are absorbing  
su r fa c e s , A comparison of th e c r o ss -se c t io n s  shown in  F ig s .2 3 a  and 23"b 
show th at e tch in g  o f th e m etal surface as v /e ll as m icrop ittin g  occurs 
w ith  formate; w ith  form ic a c id  so lu tio n s  th ere  i s  l i t t l e  evidence o f  
surface e tc h in g . Anodic p o la r iz a tio n  in  both the form ic a c id  and sodium 
formate e le c tr o ly te  so lu tio n s  was fo r  4  h a t 25°0 u sin g  a c ,d , o f 5-uA/cm2 .
(c) Previous workers have found the use o f an a r t i f i c i a l  p i t  o f 
great advantage in  th e  study o f  lo c a l is e d  p i t t in g .  An a r t i f i c i a l  p i t  
however i s  considered to  be more su ita b le  fo r  th e study o f  the fa c to r s  
in flu en c in g  p it  propagation,w hereas an a r t i f i c i a l  scratch  l in e  has been 
w id e ly  used  in  th e study o f  the in i t i a t io n  o f corrosion  and e s p e c ia l ly
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in  cases where corrosion  i s  considered to occur on s tr e s se d  a.reas, or at  
p o in ts  on a p ro tec tiv e  film  having weak spots or blem ishes or cracks.
Mears and Evans (50) stu d ied  iron specimens scored w ith  scratch  l in e s  and 
exposed to  a ir  o x id a tio n . S im ilar  s tu d ies  were carr ied  out by other  
workers on iro n  and n ic k e l(5 l)  (52) (53) «■ Corrosion a t scratch  l in e s  on 
aluminium were stu d ied  by Brown and Mears (54-) • For t h is  reason,
th er e fo re , th e  e f f e c t  o f forming a th ic k , b a r r ie r  type oxide on a titanium
m etal surface and then damaging the oxide by scratch es was stu d ied . The 
specimen mas f i r s t  anodized in  9 5 / V v formic ac id  at 5mA/cm2 and 25°C to  
a vo lta g e  o f 300V. A number o f  p a r a lle l  scratches were then ruled  a t
0 .2  cm apart u sin g  a sharp razor b lade and the specimen was then anodized  
in  1 /  formic a c id  fo r  4h a t 5mA /cm2 and 25 °C, I t  was found that uniform  
m icro p ittin g  occurred along the scratch es lea v in g  the oxide coated part o f 
the specimen unattacked except fo r  a few m icrop its which were considered to  
have been formed a t weaknesses in  the o x id e , probably due to mechanical 
s tr e s se s  produced during ru lin g  th e scratch es e t c .
On the o th er hand when a th ick  b a r r ier  film  w/as pre-formed on th e  .
titan ium  metal surface by anodizing in  9 5 / v / v  form ic a c id  a t ^mk/cm2 and 
25°C and the specimen was then anodized in  1 /  by v o l formic a c id  (without 
r u lin g  scratches) i t  -was observed th at th e m icro -p its  occurred a t l e s s  
frequent in te r v a ls  over th e m etal su r fa ce . I t  i s  considered th at in  t h is  
case th e  b a r r ie r  film  was s u f f i c ie n t ly  th ick  to retard  m icro p ittin g  and 
th at th e  l a t t e r  occurred a t p la ces  where the oxide was cracked due to  
m echanical s tr e s s in g  o f  the o x id e . Figs.24a- and 24*b show/ a scratch  l in e  
b efo re  and a f t e r  m icro p ittin g  r e s p e c t iv e ly .
FIGURE 24a
A specimen produced "by anodizing to  300V 
in  95% "by v o l formic acid ; 23 °C; 5mA/cm2 f and 
then ru lin g  scratch  l in e s  on the oxide su r fa ce , 
(x  400)
FIGURE 24b
Specimen prepared as in  F ig  ,.24a and 
subsequently anodized in  1 /  "by v o l form ic acid ; 
23 °C; 5mA/cm2 ; 4h. (x  l£)0)
(M icrop ittin g  may he observed to  have 
occurred along the scratch  l in e  lea v in g  the  
oxide surface u n a ffec ted .)
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(d) Due to  th e read in ess w ith  which ch lor id es cause lo c a lis e d  
p it t in g  i t  was considered o f in te r e s t  to study the e f f e c t  o f ch loride  
ad d ition s to  1 fo hy v o l form ic acid® At h igh  ch lor id e  con cen tration s,
(0,01 °/o 11/ v  NaCl) , tho ch lorid e  ion  (which produces lo c a l is e d  p i t s  a t a 
v o lta g e  of compared w ith  a minimum v o lta g e  o f 60V fo r
m icro p ittin g  in  form ic acid) was found to  "bo th e dominating fa c to r  and 
produced lo c a l is e d  p i t t in g .
I t  i s  con sidered 'th at the ch loride ion  "by m aintaining the v o lta g e  
a t i 2—iIfV prevents the form ation o f m icro -p its  which have not "been 
observed to form helow  60V® When the ch lorid e  content was reduced to a 
value which was in s u f f ic ie n t  to  cause lo c a l is e d  p it t in g  (0 .001^  vi/ v  NaCl) , 
v o lta g es  above 60V were p o ss ib le  and m icro p ittin g  occurred, but did not 
appear to  be enhanced by the presence o f  the ch lor id e  ion®
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EPEESGT OF GRAIN SIZE 
In trod u ction
In  the th eory  o f  ox id ation  o f  c er ta in  m etals such as aluminium, 
tantalum and zirconium proposed "by Mott (55) ? oxide growth tak es p lace  "by 
the movement o f  ion s from the m eta l, through the o x id e , to  the oxide/oxygen  
in ter fa ce ., The fa c to r  l im it in g  the ra te  o f growth, i s  th e p o te n tia l  
h a r r ie r  a t the m eta l/ox id e  in te r fa c e . According to t h is  th eory, the  
p o te n t ia l which e x is t s  "between the two fa ces  o f the oxide la y e r  produces an 
e le c tr o s ta t ic  f i e l d  which a s s i s t s  metal ions to  overcome the p o te n t ia l  
h a r r ie r . I f  a constant p o te n tia l i s  ap p lied  across the c e l l ,  f ilm  growth 
tak es p lace u n t i l  the f i e l d  "becomes too sm all to  permit appreciable ion  {
flow  e
At any given temperature th e l im it in g  oxide th ick n ess depends on the 
f i e l d  across the oxide and th e  dim ensions o f the p o te n tia l h a r r ie r . Thus 
on th ose  fa ces  o f a s in g le  c r y s ta l having a lower p o te n tia l h a r r ier , a 
lower f i e l d  should he s u f f ic ie n t  to  promote oxide growth. "When such a 
c r y s ta l i s  anodized a t constant v o lta g e , one would expect to  f in d  in creased  f  
c r y s ta l growth on fa ces  o f  lower p o te n tia l h a r r ie r .
In  a p o ly c r y s ta llin e  m a ter ia l, however, d if fe r e n t  c r y s ta l fa ces  [
(gra in s) are exposed on the m etal su rface, thus the oxide growth rate  
should he non-uniform, g iv in g  a heterogeneous oxide f ilm . I t  was 
considered o f  in t e r e s t ,  th er e fo re , to  study the e f f e c t  o f  grain  s iz e  on the j
anodic o x id a tion  o f titan ium  w ith  p a r tic u la r  referen ce to i t s  in flu en ce  on
m ic r o p itt in g .
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Meta llu r g ic a l  p ro p erties  o f titanium
Absorption o f oxygen produces embrittlem ent o f  iod id e  titanium  (56) . 
Annealing i s  u su a lly  carried  ou t, th ere fo re , in  vacuo although Brown and 
G-ates (57) found th a t  there was l i t t l e  advantage in  u sin g  a vacuum when 
annealing com m ercially pure tita n iu m «■ As a r e su lt  o f  hardness t e s t s  th ey  
concluded that th ere  was no ser iou s contam ination when a ir -a n n ea lin g  was 
u sed . Titanium e x is t s  in  two phases, the co-phase which i s  stab le  a t roan 
temperature and the p-phase which i s  s ta b le  a t  high tem peratures, the 
transform ation temperature being 883°C. ( 58) (59) ( 60) ( 61) . Annealing to  
promote grain  growth, th ere fo re , i s  norm ally performed a t  temperatures 
l e s s  than 883°C, as otherw ise re c r y s ta l l iz a t io n  from the p-phase to  the  
a-phase would occur which may r e s u lt  in  sm all grain s iz e  a -titan iu m  ( 62) .
A stra in -a n n ea l method i s  a lso  considered to  be su c ce ssfu l in  promoting 
grain  growth. Some workers ( 62) consider th a t p r e -s tr a in in g  by 2 .5 /  and 
then annealing i s  most f r u i t f u l  although oth ers ( 63) have suggested th at 
the c r i t i c a l  s tress  i s  reached by 8- 12/  s tr a in .
G-rowth o f  s in g le  crys t a ls  of  t i ta n ium
I t  was considered th at the production o f s in g le  c r y s ta ls  o f  
titan ium  would enable the k in e t ic s  o f oxide formation 011 d if fe r e n t  fa ces  
to  be s tu d ied , as w e ll as r e s is ta n c e , o p t ic a l and corrosion  s tu d ie s . I t  
i s  o f in t e r e s t ,  th e r e fo r e , to  review  th e  methods o f production o f  s in g le  
c r y s ta ls  o f titan ium  by o th er  workers.
Churchman ( 64) u sin g  99 *85-99 *95/ titanium  produced s in g le  c r y s ta ls  
by a m od ifica tio n  of the s tr a in  anneal tech n iq u e . He used e lon gation s o f  
1y  to  2§ /  or com pressive s tr a in s  o f  0 .25  to  1/  and vacuum annealed fo r
200h a t  860°G. He obtained large  grains for approxim ately l/3 r d  o f  th e  
c r y s ta ls  but s ta te d  th a t fo r  su c ce ss fu l grain  growth the c r i t i c a l  s tr a in  
should not introduce more than one se t o f  deform ation tw ins in to  any gra in . 
He d id  n o t , however, s ta te  the s iz e  o f the grains obta ined .
Anderson, J i l l s o n  and Dunbar ( 65) produced la rg e  c r y s ta ls  using  a 
vacuum o f le s s  than Ip as fo llo w s: co ld  r o lle d  bars ( 0 .2  in .s q .  x 2 in .
long) were annealed by b ein g  given  3 c y c le s  c o n s is t in g  o f  if hours a t  
1200°0 fo llow ed  by 3~5 days a t 8.50°C. T his treatm ent gave grains ranging  
from 3; in  to 2 in  lo n g . The s ta r t in g  specimens were cut from an arc-m elted , 
h o t-fo rg ed  (950-1000 °C) , scalped  io d id e-titan iu m  in g o t, -which had been  
reduced by 6~lfo. The bar was a t room tem perature, but the r o l l s  were a t  
200°C.
D arnall ( 66) produced s in g le  c r y s ta ls  ( 8mm x 5 nm x 35nm) by p assin g  
a molten zone 1 cm long (crea ted  by an in d u ction  heater) at 6cm/h down a 
c y lin d r ic a l bar o f  1cm diam eter and 15cm lo n g . The supporting clamps were 
w ater coo led  and zone m eltin g  was carr ied  out in  an enclosed  argon f i l l e d  
system , to suppress d ep o sitio n  o f v o la t i l i s e d  titanium  on the w a lls  o f the  
co n ta in er . Experiments w ith  com m ercially pure titanium  contain ing 0.1 fo 
carbon were u n su ccess fu l.
L eid h e iser  end D enise ( 67) describe the production o f  pseudo-  
m onocrystals o f a -titan iu m  during attem pts to  form s in g le  c r y s ta ls  o f the  
com m ercially pure m eta l, u s in g  the method o f Anderson, J i l l s o n  and Dunbar (6^. 
EXEEKD/iENTAL DETAILS
Production o f large  grain  s iz e  specimens
I .C .I .  h o t -r o lle d  titan ium  (commercial purity) was observed to  have
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a sm all grain  s iz e  stru ctu re in  the "as rece iv ed ’* con d ition  ( i / 250 •
On annealing, however, i t  was found p o ss ib le  to  produce grains o f la rg er  
s iz e  (1/23 mm) . The **as received*' m etal was annealed a t 750°C fo r  2Zjh in  
a vacuum o f  10 rum. V ickers Hardness t e s t s  gave a value of 186 VPN fo r  
th e  m etal "before annealing compared w ith a value o f 200 VPN fo r  the • 
annealed m eta l. This d iffe re n c e  was considered to he due to a s l ig h t  
amount o f oxygen absorption which was probably in s ig n if ic a n t  considering  
th at com m ercially pure titanium  a lready contains O .I7/0 by weight o f  
oxygen. A fter  annealing, specimens were ground down to  grade 600 s i l ic o n  
carbide paper and met a l io  g ra p h ica lly  p o lish ed  down to  1p on a. diamond 
w h eel. The grain  stru ctu re  was revea led  by e tch in g  in  a h yd roflu oric  
a c id , 50'fo g ly c e r o l, 25y° n i t r i c  a c id  etch ing  so lu t io n . The grain  s iz e  was 
determined by forming an image o f the grains on the ground g la ss  screen of 
a Baush and Lomb m eta llu rg ica l m icroscope and noting  the m agn ification  
u sed . D irect measurement of the image then enabled the grain s iz e  to  be 
c a lc u la te d . The gra in  s iz e  produced by th is  method (1 /25  mm) was 
s u f f ic ie n t  to  permit a study of the d if f e r e n t ia l  oxide growth r a te . A 
study o f  the dependence o f m icro p ittin g  on grain  s iz e  wras a lso  p o s s ib le .  
Grains o f 1cm diam eter (which was considered to be the minimum u se fu l  
s iz e  fo r  o p t ic a l stu d ies) could not be obtained, however, so th a t a 
study o f  the r e s is ta n c e , o p t ic a l and corrosion  p r o p e r tie s , o f d if fe r e n t  
c r y s ta l fa c e s , e a r l ie r  envisaged , was not p o s s ib le . Previous workers 
have attempted to produce s in g le  c r y s ta ls  using  h ig h  p u rity  titan ium  in  
which there are few im p u rities  to a c t  as n u clea tio n  c e n tr e s . I t  was 
considered, th er e fo re , th at the amount o f im p u rities in  the comm ercially
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pure titan ium  used in  the present study contained too many n u cleation  
s i t e s  fo r  the production o f  large c r y s ta ls .  Previous workers ( 64) ( 63)
(66) ( 67) have s u c c e s s fu lly  produced large  c r y s ta ls  from high  p u r ity  
titan ium  "but were not su c c e s s fu l when com m ercially pure titan ium  was used . 
Use o f  co lour photomicrography
Colour photomicrography was considered to  he a convenient method o f  
studying the d if fe r e n t  in ter feren ce  colours on d if fe r e n t g ra in s . 
D if f i c u l t i e s  arose in  estim atin g  the exposure tim e, however, e s p e c ia l ly  as 
the temperature o f the l ig h t  source m s  unknown and hence precluded the  
use o f  a su ita b le  lig h t-m e te r . A fu rth er  d i f f i c u l t y  arose due to  the 
in a b i l i t y  to  ob ta in  colour p la te s  capable o f being developed in d iv id u a lly . 
E stim ation  o f the exposure time was, however, f a c i l i t a t e d  b y  making 
prelim inary t e s t s  u sin g  a b lack  and w hite film  o f  approxim ately the same 
speed as the colour f i lm . I t  was then p o ss ib le  to  use a su ita b le  range o f  
exposures o f th e  co lour film  to obtain  good r e s u l t s .  The range o f  exposure 
tim es used and the con d ition s o f exposure are shown in  ta b le s  2 , 3 and if- 
Good r e s u lt s  were obtainab le  in  the case o f both  types o f Agfa film  
used and n atu ra l co lours w ere  obtained without the use o f a f i l t e r .  I f  a 
b lu e f i l t e r  were used the colours were s h if te d  to  the b lu e  end o f  the 
spectrum but were s h if te d  to  the red  end i f  a red  f i l t e r  were u sed . In  
the case o f  th e Kodacolour f i lm , natural colours were obtained only  in  the  
yellow  and green p arts  o f  the spectrum. The d if fe r e n t  shades o f red colour  
were faded and could hard ly  be d is tin g u ish ed  from each o th er . Colour 
photographs o f the in ter feren ce  colours are shown in  P ig s .2 5 a , 25b and 26b, 
In  a l l  cases 35mm film  was used and specimens were prepared by anodic
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Table 2
T r ia l w ith  Agfa d ay ligh t type d ia p o s it iv e  colour film  ( i 8 DIN, 50 A .S.A .)
Photo Apparatus I llu m in ation  F i l t e r  Exposure 
No.
R esult
sec
D6/f
D 66 < 
D68
V ickers carbon arc none 1 /5 0  
M eta llu rg ica l " g e l 1/25 * 
Microscope ' M g la ss  1/2
correct co lour  
reproduct io n  
^using no f i l t e r
D70 
D72 k 
D7^ f
r  >
V ickers tungsten
M eta llu rg ica l filam en t 
M icroscope lamp
none 1/10  
> g e l  1/5 * 
g la s s  5
^ correct colour  
reproduc t io n  
u sin g  no f i l t e r
D6
D8
dio  :
Z eiss  tungsten  
M icroscope filam en t  
lamp
none 1/25 
> g e l 1/50 « 
g la ss  1/5
correct co lour  
reproduction  
u sin g  no f i l t e r
E3A- 
D36 < 
D38
r Baush i; Lomb tungsten  
M eta llu rg ica l filam en t  
Mi cro s cope lampK
none 1/50  
* g e l 1/10  ^
g la s s  1 /2
r correct colour  
reproduction  
. u sin g  110 f i l t e r
126
Table 3
T ria l w ith  Agfa a r t i f i c i al  l ig h t  type diapo s i t  i've co lour film
( 17 DIN, 60 A .S J i.)
Photo Apparatus I llu m in ation  F i l t e r  Exposure R esu lt
No. sec
A27 
A29 ^
V ickers tungsten
M eta llu rg ica l filam ent 
Microscope lamp
s l ig h t ly
none 1 / 50
underexposed  
g. none 1/25 correct exposure
A35 
A3 7 <
V ickers carbon
M eta llu rg ica l arc  
M icroscope
s l ig h t ly
none i/ 50
underexpo sed 
^ none "1/25 correct exposure
A39
A1+.1
V ickers tungsten > 
M eta llu rg ica l filam en t  
Microscope lamp
none 1/10 overexposed  
> none i / 5 overexposed
A3 5 <
Baush Cc Lomb tu ngsten  
M eta llu rg ica l filam en t  
M icroscope lamp
magenta 1/25 a l l  colours  
L t i n t  s h if te d  towards 
r- f i l t e r  red wavelengths
A59
•<
Z eiss  tungsten
M icroscope filam ent
lamp
none 1/50 s l ig h t ly  :
underexposed
>
127
Table 1+
T rla l path ko&akolor d ay ligh t type n egative  film  (17 DIN, 60 A .S .A .)
Photo Apparatus I llu m in a tio n  F i l t e r  Exposure 
No• sec
R esult
A60 Z eiss tungsten
A61 \  M icroscope filam en t
A62 lamp
none
none
none
1/50
1/25
V5
s lig h tly -
underexposed
correct exposure
overexpo sed
v.
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ox id a tion  a t 5mA/cm2 and 25°C in  form ic ac id  and in  "borax so lu t io n s .
R ela tion  "between cry s ta l face  and oxide growth ra te
M icroscop ical examination o f the specimens showed th a t the oxide  
growth ra te  d if fe r e d  on d if fe r e n t  c r y s ta l fa c e s , as shown "by the d if fe r e n t  
in ter feren ce  colours p resen t. These colours corresponded in  area w ith the  
d iffe re n t grains of the m etal and re su lted  from the d if fe r e n t  th ick n esses  
o f m etal ox id e . The v a r ia tio n  o f  oxide th ick n ess from grain  to grain  of  
the same specimen was estim ated  to  "be g rea ter  (p o ss ib ly  a r a t io  o f as much 
as 2:1) when anodizing was carr ied  out in  Afo form ic a c id , Afo su lphuric  
a c id  or saturated  "borax so lu tio n  than when 9&fo formic a c id  (where the r a tio  
m s  estim ated  to  "be 1-J-; 1) was u sed . Only two in ter feren ce  colours ( e .g .  
red and orange) , were present in  the case o f  96fo form ic a c id  whereas a 
complete range o f  colours were present in  a l l  o th er cases in v e s tig a te d  
in d ic a tin g  a g rea ter  degree o f  h e tero g en e ity . The d if f e r e n t ia l  oxide  
growth i s  shown in  f ig s .2 5 a  and 25h.
In  the case o f concentrated form ic a c id  the in ter feren ce  colours  
were homogeneous. The formation o f th e non-adherent oxide occurred  
ra p id ly  and thus prevented the formation o f a b a r r ier  film  s u f f i c ie n t ly  
th ic k  to  show a heterogeneous d is tr ib u tio n  o f in feren ce co lo u rs . Corrosion  
o f the second order ye llow  homogeneous anodic oxide s ta r ted  f i r s t  a t  
is o la te d  p o in ts  but spread la t e r a l ly  over the oxide surface as may be 
observed from F ig .2 6 b . The b r igh t yellow  in ter feren ce  colour o f the  
b a r r ie r  f ilm  i s  c le a r ly  v i s ib le  whereas th e  non-adherent oxide i s  th ick er  
and more d if fu s e  and hence p a r tly  out o f fo c u s . The la t e r a l  spreading of 
the non-adherent ox id e i s  aparen tly  due to p a r t ia l  stopping o f f  by the
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Large grain s iz e  specimen showing in i t ia t io n  o f  m icrop ittin g  (20OX)
Several m icrop its are v is ib le  on s in g le  gra in s having yellow  
(2nd order in terferen ce) f i lm s .
FIG-URE 25b !
'  i
Small grain s iz e  specimen showing in i t ia t io n  o f m icro p ittin g  (500%) j
Only one m icropit i s  v i s ib le  on a s in g le  grain  superimposed on 
a b a r r ie r  film  (2nd order yellow ) .
(N ote. In  both  photographs th e  base o f  th e pore was observed to  be j 
covered w ith a broY/n oxide which was probably very  th in  and probably! 
non-adherent. In  both F ig v25a and 25b m icro p ittin g  was produced
u sin g  1 fo by v o l form ic a c id  a t Smb/cEp an<^  25 °G.) j
f
I
i
.. V
■ « u 1
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(Fig.25b (500X)
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FIGURE 26a
Large gra in  s iz e  specimen showing ’’b ord erlin e  p a s s iv ity ”
(This photograph shows grains which have remained p a ssiv e  a f t e r  
prolonged m icrop ittin g  treatm ent (Zjh) . A profuse d is tr ib u tio n  
of m ic io p its  may he f a in t ly  d is tin g u ish ed  on neighbouring  
grains » Anodic ox id ation  was in  1 fo form ic a c id  a t 5 ^ / cm2 and 
25°C.)
ETGORE 26b
Formation o f  a th ick  non-adherent ox id e
(The non-adherent oxide i s  observed to have a w oo lly  appearance 
compared w ith  the 2nd order ye llow  adherent h a r r ier  film  on 
which i t  i s  superimposed«= Anodic o x id a tion  was in  concentrated  
formic a c id  a t 5mk/cm2 and 25°0 .)
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F ig  a26a ( 20OX)
3 , X 3 / '
-•,;'>^ O-M: '
i J r  • ' P . i ;
Figo26‘b (200.X)
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corrosion  products at the p o in ts  o f  in i t ia t io n  o f co rro s io n .
I d e n t if ic a t io n  o f the o r ien ta tio n  of in d iv id u a l c r y s ta l fa c e s  "by X-ray  
crysta llograp h y  w as, however, not attem pted due to sm all grain  s i z e .
I t  was been observed th a t m icro p ittin g  occurs by  a tta ck  o f the  
th in n er y e llo w  oxide which i s  subsequently removed from a l l  c r y s ta l fa ces  
e x h ib itin g  ye llow  in ter feren ce  c o lo u rs . F ig ,23a  shows the commencement 
of a ttack  on c r y s ta l fa ce s  e x h ib itin g  ye llo w  in ter feren ce  c o lo u r s ,  
M icro p ittin g  continues on th ese  grains u n t i l  th e  whole o f  the grain  
surface has been a tta ck ed . As m icro p ittin g  proceeded a very  dark brown 
d ep osit was observed a t  th e base o f  each m icropit and i s  considered to  
in d ic a te  th e presence o f  a v ery  th in  oxide a t the base o f th e p o res.
T h is oxide i s  considered to  in crease  the e le c t r ic a l  r e s is ta n c e  o f the  
base o f  th e  p o res.
From observations on th ese specimens o f  la rg e  grain  s iz e  i t  was 
p o s s ib le  to  e s ta b lis h  that no corrosion  whatever occurred on the fa ces  
showing a th ick  oxide f i lm . C rystal fa c e s , which ex h ib ited  red  
in ter feren ce  co lours during the in i t ia t io n  of m icro p itt in g , remained 
p a ss iv e  subsequently, even though the specimen was anodized fo r  four  
hou rs. I t  was observed th at fu rth er  th ick en ing  o f a uniform in su la tin g  
b a r r ie r  film  occurred on th ese  fa ce s  w hile  uniform m icro p ittin g  proceeded  
on the o th er  f a c e s . The r e s u lt  was a m icrop itted  surface on which cer ta in  
areas o f  b a r r ie r  film  stood out in  h igh  r e l i e f .  These areas were o f the  
s iz e  and shape o f  in d iv id u a l grains o f  the m eta l. I t  i s  envisaged , 
th er e fo re , th a t i f  a titan ium  s in g le  c r y s ta l were a n o d ica lly  p o la r ized  
under the same con d ition s there would r e s u lt  uniform b a r r ier  f ilm s  on
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c er ta in  c ry s ta l fa ces  whereas a l l  o th er c r y s ta l fa ce s  would ex h ib it  
uniform m icro p itt in g , assuming the p u r ity  of the c r y s ta l has no e f f e c t  on 
th e  f ilm  forming p ro p erties  o f  titan ium  in  form ic a c id . The e f f e c t  of 
grain  s iz e  on m icro p ittin g  i s  shown in  Figs.25a. and 25b.
M icroscop ical observations in  s i t u  during anodic ox id ation
Although continuous (sim ultaneous) m icroscop ica l observations  
during anodic ox id a tion  were o f general in t e r e s t ,  i t  was considered th a t  
th ey  could be o f  s p e c ia l va lu e  providing th ey  enabled the in i t ia t io n  o f  
m icro p ittin g  to  be observed. M icroscopical observations were made, 
th ere fo re , w ith  a h o r izo n ta l specimen, having the surface under 
observation  on ly  a few m illim eters  below the e le c tr o ly te  su r fa ce . T his  
method o f specimen arrangement was used in  order to make focu sin g  o f the 
m icroscope p o s s ib le . Specimens were mounted in  a th in  f l a t  b a k e lite  
mount which was p laced  a t the bottom o f a p e tr i  d is h . A spot welded 
titan ium  lea d  enabled an e le c t r ic a l  connection  to  be made. A platinum  
cathode wras used . The p e tr i  d ish  was p laced  on the m icroscope stage and 
th e  instrument was focused on the exposed c r y s ta l fa ce s  o f  the gra in s of  
the titan ium  m eta l. The e le c tr o ly te  was slow ly  added and the microscope 
was c o n tin u a lly  refocu sed , as the depth o f th e  e le c tr o ly te  above the  
specimen in creased , to  a llo w  fo r  r e fr a c tio n  a t  the a ir / l iq u id  in te r fa c e .  
R esu lts
In  th e  case o f 1 ft form ic a c id , gas ev o lu tio n  and film  form ation  
could be observed to  occur on sw itch ing on the current but corrosion  
produ cts ra p id ly  formed in  the e le c tr o ly te  and obscured the m etal surface  
com p letely . With 95°/o form ic a c id , however, rapid changes in  th e
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in ter feren ce  colours were r e a d ily  d e te c ta b le , in d ic a tin g  rapid film  growth. ip
Oxygen bubbles appeared to be sm aller and l e s s  numerous than in  any of the ij
I
o th er e le c tr o ly te s  examined. Oxygen bubbles d id  not form a t random on th e  \
\
specimen surface as in  the caso o f the o th er e le c tr o ly te s  examined, but P
i i
appeared to come from lo c a l is e d  a rea s . These lo c a lis e d  areas may have p i
I  [ I
been due t o  p a r t ic le s  o f abrasive or oth er im p u rities embedded in  th e pi
f
m etal surface and having a high e le c tr o n ic  but low io n ic  co n d u ctiv ity . p
j :
A s u f f i c ie n t ly  deep etch  would, however, remove most o f the surface la y e r  !
t
conta in ing  any embedded abrasive although i t  was observed during e lec tr o n  !|
i i
d if fr a c t io n  s tu d ies  th a t there wras a r is k  o f  having stra y  p a r t ic le s  o f
i
diamond embedded in  th e surface even a f t e r  ca re fu l p o lish in g  and e tc h in g . j
The e f f ic ie n c y  o f t h is  e le c tr o ly te  was probably otherw ise appreciab ly  h ig h . P|
In  th e  case o f  o th er e le c tr o ly te s ,  e .g .  su lphuric a c id , the view was \\
| j
p a r t ia l ly  e c lip se d  by oxygen ev o lu tio n  and f ilm  form ation was too  slow to  |j
produce any app reciab le change in  the f i e l d  o f view  over a short in te r v a l  
o f  tim e.
Conclusion
I t  i s  considered  th a t the d i f f e r e n t ia l  oxide growth ra te  on 
d if fe r e n t  c r y s ta l fa c e s  and the gra in  s iz e  have a considerab le in flu en ce  
on th e  form ation o f anodic oxide film s on titan ium  (e s p e c ia l ly  w ith
resp ect to m icrop ittin g) and i t  i s  suggested  as a b a s is  fo r  fu rth er  study |
h
by other w orkers, th a t large  s in g le  c r y s ta ls  of h igh  p u r ity  titan ium  should p
.
be formed, and that th e  anodic ox id ation  o f d if fe r e n t  c r y s ta l fa ce s  should
be stu d ied  w ith  referen ce  to anode p o te n t ia l ,  k in e t ic s  of f ilm  form ation j :
|
or corrosion , o p t ic a l and r e s is ta n c e  measurements, gases evo lved , e t c .
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The Structure of the E le c tr o ly t ic a l ly  formed titaniuun oxides  
Intro&uct ion
The c h a r a c te r is t ic  fea tu res  o f the anodic ox id a tio n  o f  titan ium  in  
form ic a c id  a t  25 °C i s  the form ation o f  a h a r r ier  film  a t 70V to  96yV 
compared w ith  th e p r e c ip ita t io n  o f corrosion  products a t a l l  o th er  
co n cen tra tio n s.
As titanium  d iox id e  may he obtained in  three d if fe r e n t  c r y s ta ll in e  
forms ( r u t i l e ,  anatase and b rook ite) as w e ll as the amorphous form, i t  was 
considered o f  in t e r e s t  to  determine which forms ?/ere produced, e ith e r  as  
corrosion  products or  as an adherent o x id e , during the anodic ox id ation  o f  
tita n iu m . The X-ray d if fr a c t io n  powder method forms a convenient method 
of determ ining the stru ctu re in  cases where the oxide i s  detachable from 
the su b strate  or i s  p r e c ip ita te d  out o f so lu t io n . For s tu d ies  o f adherent 
b a r r ier  type oxide film  in  s i t u ,  e lec tro n  d if fr a c t io n  i s  n ecessa ry .
E lectron  and X-ray d if fr a c t io n  stu d ies  were carried  ou t, th er e fo re , 
to  determ ine the nature and p h y sica l structure o f the oxide f ilm  formed on 
titan ium  an d if fe r e n t  concentrations o f e le c t r o ly t e .
Previous in v e s t ig a t io n s  have shown th a t , w ith  few excep tion s, 
d ie le c t r ic  oxide film s formed a n o d ica lly  on m etals have an almost 
com pletely  amorphous s tru ctu re , g iv in g  on ly  d if fu se  h a lo es  when examined 
by e le c tr o n  d if f r a c t io n .  Vermilyea found th a t th is  ap p lied  to f ilm s  on 
tantalum and fu rth er  showed th a t c r y s t a l l i s a t io n  occurred on h eatin g  th e  
amorphous f ilm  to  between 500 to  800 °0 fo r  an hour (68) .
B a rr ier  film s  norm ally reach a l im it in g  th ick n e ss , which may be 
on ly  6000 to  10,000 A .U ., a f t e r  which breakdown occu rs, and s in ce  the
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removal o f film s from th e  m e ta llic  substrate  i s  o ften  d i f f i c u l t ,  chemical 
methods are o f  lim ite d  a p p lica tio n  in  determ ining th e ir  com position .
D iffr a c t io n  methods, th er e fo re , represent the most su ita b le  m y  o f  
a sse ss in g  the film  com position and, in  a d d itio n , o f  g iv in g  some idea  o f  
the oxide s tru c tu re .
X-ray d if fr a c t io n  
X-ray methods can be used fo r  studying the o x id e , in  s i t u  or removed 
from th e m etal, fo r  i t s  id e n t if ic a t io n  and fo r  determ ining the c r y s ta l  
s i z e ,  o r ien ta tio n  and la t t i c e  parameter u sin g  glancing a n g le , back  
r e f le c t io n  or powder tech n iq u es. The method, u n lik e  e lec tro n  d if fr a c t io n ,  
has th e advantage th a t the specimen i s  not subjected  to  vacuum or to  
lo c a l is e d  e lec tr o n  bombardment so th a t there i s  l e s s  p o s s ib i l i t y  of 
m odifying the film  stru ctu re  e ith e r  by removal o f w ater o f hydration  or by  
lo c a l  h e a tin g . In  a d d itio n , th ick  f ilm s  can be examined which would 
otherw ise cause ex ce ss iv e  background sc a t te r  owing to  th e ir  roughness.
X-ray methods are p a r t ic u la r ly  su ita b le  fo r  examining th ick er  oxide  
f ilm s  but have the disadvantage th a t on ly  oxide film s th ick er  than 1000/7 
can be id e n t i f ie d .
Experim ental d e ta i l s  
X-ra y  d if fr a c t io n  s tu d ies
Copper Ka ra d ia tio n  g en era lly  g iv es  an X-ray d if fr a c t io n  p a ttern  of 
su ita b le  in te n s ity  u s in g  a short exposure time ( 3- 811) and has a s u ff ic ie n t ly  
long wavelength to  g ive  a reasonably spread out spectrum, so th a t copper 
ta r g e ts  are w id e ly  used  in  X-ray d if fr a c t io n  Yrork. Other ta r g e ts  are 
n ecessary , hewever, in  sp e c ia l c a se s , e .g .  the copper ta rg e t i s  rep laced  by
139
cobalt in  the study o f  iron  compounds, otherw ise flu orescen ce  occu rs.
Copper ra d ia tio n  u su a lly  works q u ite  w e ll in  the case o f titanium  compounds 
and in  the present work gave a good X-ray d if fr a c t io n  p a ttern  in  the case  
o f th e bulk oxide (anatase) .
(a) The Powder Camera
The Unicam powder camera i s  most su ita b le  fo r  obtain in g quick  
r e s u lt s  when i t  i s  on ly  required to  determine th e structure o f a powder 
w ithout making an accurate measurement of the l i n e s .  T his i s  due to  i t s  
wide beam r e su lt in g  in  a h ig h  r e f le c t io n  in t e n s it y  and hence a reduction  
in  exposure tim e. The wide beam a lso  reduces the p o s s ib i l i t y  o f the  
specimen m issing  the beam. Although the p attern  obtained has th ick er  
l in e s  than th a t obtained w ith  a H ilg e r  camera, i t  i s ,  however, good enough 
fo r  comparison w ith  the bulk  oxide cr  fo r  measurement o f  the l in e s  and 
comparison with the standard l in e s  obtained from ta b le s .  The H ilg er  
camera g iv es  r is e  to  a more f in e ly  co llim ated  beam than the Unicam, 
r e su lt in g  in  sharper l in e s  but req u iring  a longer exposure tim e.
Powder specimens were prepared by mixing 5 p arts o f oxide w ith  1 
part o f gum/tragacanth and a few drops of w ater. The paste  was then  
slo w ly  r o lle d  between two g la s s  s l id e s  to  avoid  bending the specim en.
Prelim inary exp erlment s
The white p r e c ip ita te  formed during m icro p ittin g  in  Afo form ic a c id  
was f i l t e r e d  o f f ,  washed, d r ied , and i t s  d if fr a c t io n  p a ttern  obta ined . 
Although copper Ka ra d ia tio n  was found to  g ive a d if fr a c t io n  p a ttern  in  
the case o f bulk anatase, (Laboratory Reagent Grade, B.D.H, L td .) , i t  was 
not p o ss ib le  to  get a d if fr a c t io n  p a ttern  u sin g  the e lec tro ly fc ica lly -fo rm ed
I2f0
p r e c ip ita te  o f  titanium  ox id e , even a f t e r  exposures o f l6 h . I t  was 
considered , th ere fo re , th a t th ese ox ides were e ith e r  o f  very sm all 
c r y s t a l l i t e  s iz e  or e ls e  were amorphous, and th at i t  would he advantageous, 
th er e fo re , to  use a r a d ia tio n  having a h igh er  r e f le c t io n  c o e f f ic ie n t  w ith  
resp ect to  titanium  o x id e s . As molybdenum ra d ia tio n  has a low absorption  
c o e f f ic ie n t  compared w ith  th at o f copper used under the same con d ition s, i t  
was considered  th a t i t  may have a h igh er r e f le c t io n  c o e f f ic ie n t  and th a t i t  
may, th e r e fo r e , be p re fe ra b le .
Operating C onditions
Powder Camera 9 cm d ia .
R adiation  Molybdenum or Copper Kh 
F i l t e r  Zirconium or N ick el r e s p e c t iv e ly
V oltage 35 kV .
Tube current 12 mA 
Exposure tim e 8h
R esu lts
Examination o f  the w hile p r e c ip ita te
The w hite p r e c ip ita te  formed during m icro p ittin g  ( in  1 fo form ic acid) 
gave r i s e  to  l in e s  o f greater  in t e n s it y  in  the case where a molybdenum 
ta rg e t was used than th ose obtainable u sin g  a copper ta r g e t .  Molybdenum Ka 
ra d ia tio n  (a t  12mA and 32 kv) was used w ith  a zirconium f i l t e r .  Crowding 
to g e th er  o f the l in e s  occurred, due to  th e  shorter  wavelength o f  molybdenum 
r a d ia tio n , but t h is  disadvantage was o f f s e t  by the gain  in  in te n s ity  and 
was p referab le  fo r  id e n t if ic a t io n  purposes. Although the d if fr a c t io n  l in e s  
were ra th er  d if fu s e  due to  th e  sm all c i y s t a l l i t e  s iz e ,  (some l in e s
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appearing as s in g le t s  which would norm ally appear as doublets) , i t  was, 
however, p o ss ib le  to  id e n t ify  th e  p a ttern  as that o f  anatase by  
measurement o f the l in e s  and by comparison w ith  th e  pattern  o f th e  bulk  
o x id e .
Examination o f the y e llow  non-adherent oxide
The y e llow  oxide formed in  concentrated form ic a c id  was s im ila r ly  
c o lle c te d  and examined. A d if fr a c t io n  p attern  was not obtainable in  t h i s  
ca se , however, apart from one wide d if fu se  band which corresponded in  
p o s it io n  to th e  stro n g est l in e  o f a n a ta se .
A su b sid ia ry  experiment was carried  out to  ensure th a t the specimen 
was properly  mounted and a lign ed  w ith  the X-ray beam. In  th is  experiment 
some high p u r ity  n ic k e l powder v/as mixed w ith  the ye llow  titan ium  d io x id e . 
The r e su lt in g  p a ttern  contained sharp l in e s  due to  d if fr a c t io n  by n ic k e l  
but no sharp l in e s  due to  d if fr a c t io n  by titan iu m  d io x id e . Thus i t  was 
confirmed w ith  the substance was amorphous (o r  o f very  sm all c r y s t a l l i t e  
s iz e )  . The X-ray d if fr a c t io n  pattern s obtained are shown in  P ig s .2 7 a , 27b ,  
28a and 28b. A summary o f th e r e s u lt s  i s  given  in  Table 5»
E lectron  d if fr a c t io n  s tu d ies
In trod u ction
The h igh  va lu es (300-400V) o f th e  v o lta g e  a tta in a b le  in  80- 96^ 
form ic a c id  were considered to  be unusual when compared w ith  maximum 
form ation v o lta g es  o f 150V a tta in a b le  in  formic a c id  during 
m ic r o p itt in g . I t  m s  o f in te r e s t  th erefore  to  in v e s t ig a te  the stru ctu res  
o f the b a r r ier  type oxide formed under th ese  d if fe r e n t  con d itions and the  
p o s s ib i l i t y  o f  the in flu en ce  o f  th e structure on the attainm ent o f  h igh  
v o lta g e s .
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'Table 5
X-ray d if fr a c t io n  s tu d ies  of the titan iu m  oxides e l e c t r o ly t ic a l ly  produced 
in  powder form u sin g  form ic ac id  (5mA./cm2 , 25°C)
Formation 
v o lta g e  (V)
A cid
concentration
In terp re ta tio n  o f  d if fr a c t io n  p attern
150 1 fo "by v o l D if fr a c t io n  p attern  due e n t ir e ly  to  Ti02 
(anatase) „ P attern  ra th er  d if fu se  
su ggestin g  sm all c r y s t a l l i t e  s i z e .
TO concentrated The strong l in e  on ly , o f T i02 (anatase) 
p resen t, hut very d if fu se  suggesting  a 
very sm all c r y s t a l l i t e  s iz e ,  almost 
amorphous.
70 concentrated Sharp l in e s  o f  Ni powder (d e lib e r a te ly  
mixed w ith  th e oxide) . A lso th e strong  
l in e  o f Ti02 (anatase) , very d if fu s e .
FIG-URE 27a
X-ray d if fr a c t io n  photograph o f  th e  w hile  p r e c ip ita te  o f  titanium  
d iox id e  (anatase) formed in  Afo formic a c id  ( 25°C, 5mA/cm2) during 
m icro p ittin g .
FIGURE 2Tb
X-ray d if fr a c t io n  photograph o f a sample o f "bulk titan ium  
diox id e  (anatase) supplied by B ,D J i . L td,
(A comparison o f  the photographs (27a- and 27b) shows the 
e l e c t io l y t i c a l ly  formed d iox id e  to  have l e s s  sharp l in e s  in d ica tin g  
a sm all c r y s t a l l i t e  s iz e . )

FIGURES 28a
X-ray d if fr a c t io n  photograph o f  the ye llo w  non-adherent oxide  
formed in  concentrated formic a c id  ( 25 °C, 5mA/era2) * (The d if fr a c t io n  
pattern  in d ic a te s  a stru ctu re  th a t i s  amorphous or o f very sm a ll. 
c r y s t a l l i t e  s iz e  .)
FIGURE 28h
X-ray d if fr a c t io n  photograph o f th e y e llo w  non-adherent oxide  
contain ing a sm all q u antity  o f n ic k e l powder* (The sharp l in e s  of 
the n ic k e l pattern  are c le a r ly  v i s ib le  and hy com parison,. confirm  
th at th e  non-adherent oxide i s  p r a c t ic a l ly  amorphous.)
(Rote In  "both F ig s .28a and 28h the dark patch a t th e  upper end of 
th e spectrum i s  considered t o  he due to  the strong l in e  of 
titan ium  d iox ide (anatase) "being p resen t although very  diffuse

E lectron  d if fr a c t io n  techniques
The X-ray d if fr a c t io n  powder method may he used to  determine the  
structure o f an oxide without removal from the su b stra te , i f  the substrate  
i s  in  the form o f  a f in e  wire and the oxide i s  th ick  enough to  g ive  a 
d if fr a c t io n  p attern  o f  s u f f i c ie n t ly  high in te n s ity ,, A n od ica lly  formed 
b a r r ier  f ilm s  however, are norm ally too  th in  fo r  th is  method and the X-rays 
penetrate  the oxide r e su lt in g  in  the d if fr a c t io n  p attern  o f the m etal 
su b strate  o n ly , A lso , removal o f  th e f ilm  from the su b strate  i s  d i f f i c u l t  
in  the case o f titan iu m . In  the case o f  an e lec tro n  d if fr a c t io n  beam, 
however, s tr ik in g  a f l a t  oxide coated specimen a t grazing in c id en ce , 
p en etra tion  o f  the beam i s  lim ite d  to  the outermost la y e r s  o f th e  ox id e , 
r e su lt in g  in  a d if fr a c t io n  p attern  which i s  a rep resen ta tion  o f th e  
structure o f th e  outer la y e r s . E lectron  d if fr a c t io n  was used , th ere fo re , 
in  th e present work to  determine th e  stru ctu res  o f the b a r r ier  type oxides  
formed in  Afo form ic a c id  (b efore the commencement o f  m icrop ittin g ) , S6fo 
formic a c id  and concentrated form ic ac id  (b efore  th e commencement o f the  
form ation o f the ye llo w  non-adherent oxide) „
An exam ination o f the oxide surface by e le c tr o n  d if fr a c t io n  
techniques can bo achieved in  two ways „
(a) R e fle c tio n  method
In  t h is  method the e lec tr o n  boaza grazes the f l a t  su rfa ce  o f  the  
sample a t  a sm all angle ( <T1°) and a re cor'd o f  diffracted rays i s  obtained  
on a photographic p la t e .  Because o f  the g lancing angle o f in cid en ce the  
method g iv e s  the stru ctu re  o f th e  surface la y e rs  o n ly . T his method was 
a p p lied , th e r e fo r e , fo r  determ ining th e  structure and com position of the
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oxide la y ers  on a titanium  su b str a te .
(b) Transm ission method
In  th is  method a beam o f h igh  energy e lec tro n s  p asses  through a th in  
film  o f m ateria l and i s  used fo r  oxide film s up to  a few hundred angstroms 
in  th ick n ess  which have been stripped  p rev io u sly  from th e  m etal su b stra te . 
The transm ission  method could not be ap p lied  in  the present s tu d ies  because  
i t  was not p o ss ib le  to  s tr ip  the film s from the m eta l.
E lectron  d if fr a c t io n  apparatus
The e le c t io n  d if fr a c t io n  camera used m s  s im ila r  to  th a t described  
by Finch and ¥ilm an ( 69) . The e lec tr o n s  are generated by a co ld  cathode 
discharge; a narrow, n ea r ly  monochromatic beam o f  h igh  energy e lec tr o n s  
(about 60kY) i s  d efin ed  by a p in  h o le  in  th e  anode’b lo c k . The beam which 
i s  prevented from d iverg in g  by the magnetic f i e l d  o f a focu sin g  c o i l  then  
impinges on the specim en. The d if fr a c t io n  p a ttern  i s  recorded on a 
photographic p la te  p laced  about 50 cm away from th e  specim en.
Specimen preparation
As e lec tro n  d if fr a c t io n  in v o lv es  the r e f le c t io n  at grazing incid en ce  
o f a beam o f e le c tr o n s , i t  was advisab le  to  have an extrem ely f l a t  specimen 
su r fa ce . M echanical p o lish in g  was employed, th ere fo re , in  p reference to  
e le c t r o ly t ic  p o lish in g  as the la t t e r  may produce macroscopic irreg u la r it ies  
even though producing a h ig h ly  r e f le c t in g  m icroscopic p o l i s h .  Mechanical 
p o lish in g  however tends to  flow  the m etal su r fa ce . Flowing occurs r e a d ily  
w ith  titan ium  and must be avoided when an e lec tro n  d if fr a c t io n  p attern  o f  
the m etal i t s e l f  i s  req u ired , otherw ise th e r esu lta n t p a ttern  i s  d if fu se  
in d ic a tin g  an amorphous s tr u c tu r e . Flowing o f th e  m etal i s  unim portant,
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however, w ith  resp ect to  obtain in g an e lec tro n  d if fr a c t io n  p a ttern  o f the  
a n o d ica lly  formed o x id e , but is  undesirable from the e lectroch em ica l p o in t o f  
view  as the r esu lta n t amorphous la y e r  m aybe more rea c tiv e*  Prelim inary  
experim ents in d ica ted  th a t diamond was superior to  alumina in  producing a 
c u tt in g  ra th er  than a flow ing a c t io n . Mechanical p o lish in g  was carried  
o u t, th er e fo re , by mounting in  b a k e lite  grinding down to  grade 600 s i l i c o n  
carbide paper and f i n a l l y  p o lish in g  down to  grade diamond. The p o lish ed  
specimens were removed from the b a k e l i t e ,  degreased in  benzene given  a light 
etch  in  40^HN0^, JOfo HgSO^, >^Ofo HF, washed in  d i s t i l l e d  w ater and in  
a lco h o l and then d r ied  qu ick ly  w ith  hot a i r .  M icroscop ical examination  
showed th at flow ing o f the m etal was n e g l ig ib le .  Contamination o f the  
specimens w ith  sodium ch lor id e  from the f in g er s  or w ith  grease or other  
im p u rities  which might r e ta in  e le c t r o s t a t ic  charges was avoided by u sin g  
forcep s and by keeping th e  prepared specimens in  stoppered, c lea n , g la s s  
tu b e s . In trod u ction  o f carborundum or diamond in to  the surface during 
p o lish in g  was avoided by u sin g  an adequate amount o f lu b r ica n t.
Experim ental d e t a i l s
Specimens (1 cm x 1 cm x 1 mm) were used as th ey  were a convenient 
s iz e  to  go in to  the d if fr a c t io n  camera and s u f f i c ie n t ly  th ic k  not to  bend. 
The b a r r ie r  type oxide was formed u sin g  Afo form ic a c id  and anodizing up to  
60V a t  which m icro p ittin g  had ju st commenced. I t  was considered th a t  
fu rth er  surface treatm ent might have produced too much roughening to  leave  
a s a t is fa c to r y  surface fo r  d if fr a c t io n . Specimens prepared in  
concentrated form ic a c id  were anodized up to  on ly  25V as i t  was 
considered th a t a h igh er  v o lta g e  may lea d  to  the d ep o sition  o f the
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non-adherent oxide and leave a surface u n su itab le  fo r  d if fr a c t io n *  In  95^ 
form ic a c id  anodic ox id ation  was continued up to  325V which was p o ss ib le  
o n ly  in  the concentration  range 80-  in  th e  case o f th e  X-ray
s tu d ie s , a l l  specimens were a n o d ica lly  o x id ised  a t 5nA/cm2 and 25°C) •
The e lec tro n  d if fr a c t io n  photographs are shown in  Figures 29a-, 29b 
and 29c •
I d e n t if ic a t io n  o f d if fr a c t io n  pattern
The l a t t i c e  spacings were c a lcu la ted  from th e r a d ii  of th e  
d if fr a c t io n  r in g s  which were measured by a tr a v e ll in g  m icroscope, and a 
comparison w ith the va lu es which have been obtained by X-ray d if fr a c t io n  
s tu d ies  (A.S.T.M. Index o f C rysta llographic Data) enabled the p a ttern  to  
be id e n t if ie d *
Table 6 g iv e s  th e  con d itions under which the oxide film s were formed 
and the in ter p r e ta tio n  o f the d if fr a c t io n  pattern s ob ta in ed „
D iscu ssio n  o f r e s u lt s
The fa c t  th a t the anatase form o f TiOg was obtained on ly  in  95°/o 
form ic a c id , coupled w ith  the observation  that amorphous oxides were 
obtained a t a l l  o th er  concen trations may have an important bearing on th e  
high  form ation v o lta g es  a tta in a b le  in  t h is  con cen tration .
Previous workers have observed th a t during the anodic o x id a tion  o f  
niobium and tantalum  i t  i s  p o ss ib le  to  form e ith e r  a th in  b a rr ier -ty p e  
in su la tin g  film  which i s  amorphous and e x h ib its  in ter feren ce  colours or a 
th ick  grey absorbing c r y s ta l l in e  f i lm . The temperature o f the e le c tr o ly te  
was found to  be the important fa c to r  ( in  the case o f  niobium) in  
determ ining whether the film  formed was o f th e  th in  in su la tin g  type having
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E lectron  d if fr a c t io n  examination o f  the surface o f  anodized  
titan iu m  (25°C, 5nA/cm2) •
FIGURE 29a
Rings o f c r y s ta ll in e  T i02 (anatase) . (The specimen was 
anodized to  a formation v o lta g e  of 325V in  S6fo "by v o l form ic a c id .)
FIGURE 29b
D iffu se  h a lo es  suggesting  Ti02 (amorphous stru ctu re) • (The 
specimen was anodized to a form ation v o lta g e  o f 60V in  1 fo by v o l 
form ic a c id ,)
FIGURE 29c
No p attern  su ggestin g  amorphous o x id e , (The specimen m s  
anodized to a form ation v o lta g e  o f 25V in  concentrated form ic ac id , 
A str a y  spot observable on the photograph occurred during p rin tin g  
and i s  o f no s c i e n t i f i c  s ig n if ic a n c e ,)
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F ig .2 9 a
Fig„29c
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Table 6
E lectron  d if fr a c t io n  stu d ies  of th e  oxide film s on titan ium  
Anodized in  formic a c id  a t a c .d .  o f $mk/cm2 a t  25°C.
Formation
Y oltage
Y
A cid  
Concen tr a t  ion  
fo by v o l
Xnt erp reta tio n  
of d if fr a c t io n  
p attern
60 1 Amorphous structu re
325 95fo D iffr a c t io n  l in e s  due
e n t ir e ly  to  T i02 (anatase)
25 Concentrated Amorphous structure
ma low leakage value or  Y/as o f the th ick  grey type having a h igh  leakage  
v a lu e « I t  i s  considered , th er e fo re , th a t in  the p resen t study the 
concentration  (ra th er  than th e  temperature of th e e le c tr o ly te  may he the  
important fa c to r  in  determ ining th e c r y s t a l l in i t y  or otherw ise o f anodic 
oxides formed in  form ic acid*
Change in  e le c tr o ly te  concentration  has been found to  a f f e c t  the  
corrosion  p ro p erties  o f  titan iu m  in  formic and sulphuric a c id s « The 
corrosion  p ro p erties  o f  titan ium  have been in v e s t ig a te d  w id e ly , e s p e c ia l ly  
in  su lphuric a c id , and i t  has been found ( 70) th a t w ith in  a c er ta in  range 
o f  anode p o te n t ia ls  the m etal i s  p a ssiv a ted  whereas below th is  
range, corrosion  occu rs.
A concen tration  o f S6fo formic a c id  undoubtedly has the e f f e c t  o f  
r a is in g  th e  anode p o te n tia l in to  the p a ss iv e  region  r e su lt in g  in  f ilm  
form ation although th ere  does not appear to  be any s a t is fa c to r y  
exp lanation  fo r  t h is  phenomenon* I t  appears from th e  corrosion  s tu d ie s  o f  
Lane, Golden, and Acherman ( 42) ,  however, th at t h i s  may be an inherent 
property  o f  the form ic a c id  so lu tio n  a t t h is  p a r tic u la r  concentration*
A s im ila r  phenomenon (p a ss iv a tio n  o f titanium  in  c er ta in  
concen trations only) which occurs in  su lphuric a c id  and Yfhidh has been  
d escrib ed  p rev io u s ly  does a lso  appear to  have no s a t is fa c to r y  explanation®  
A th eory based on complex form ation has been put forward by Ma and P eres  
(if) although i t  i s  apparent from th e l i t e r a tu r e  th a t the r e la t io n  between 
the corrosion  o f titan ium  in  sulphuric a c id  and the form ation o f so lu b le  
complexes has not been e s ta b lish e d  011 an experim ental basis®
I t  i s  considered re levan t th at th e oxide growth ra te  i s  almost the  
same value on a l l  grain  o r ien ta tio n s  in  j6fo form ic a c id . T his would 
reduce the in flu en ce  o f a heterogeneous s tr e s s  d is tr ib u t io n , r e su lt in g  in  
l e s s  lik e lih o o d  o f  crack formation and making the attainm ent o f h igh  
v o lta g es  p o s s ib le .  Hence assuming th a t f ilm  formation ( in s te a d  o f  
corrosion) on titanium  in  9 form ic a c id  i s  accepted  as an inherent 
property o f the n on-corrosive nature o f t h i s  concentration  o f  the  
e le c tr o ly te  so lu t io n , i t  i s  p o ss ib le  to  p o stu la te  th a t th e  c r y s ta ll in e  
nature o f  the oxide may he a consequence o f ,  ra th er  than the cause o f the  
high  form ation v o lta g es  produced, s in ce  the oxide may he n o n -c r y s ta llin e  
i n i t i a l l y .
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GBESRAL DISCUS SI Oh
The variou s oxide f ilm s  which have "been formed on titanium  in  th e  
course o f the present research are qu ite  d if fe r e n t  in  some o f th e ir , 
p ro p erties  and w i l l  he d iscu ssed  under separate headings, (a) , (h) , (c) ,
(d) , v iz :
(a) h a r r ier  f ilm s  formed in  form ic a c id ,
(h) th ick  yellow  non-adherent oxide f i lm s ,
(c) m icrop itted  surface covered w ith  f i lm ,
(d) h a r r ie r  film s formed in  saturated  horax s o lu t io n .
The d if fe r e n t  behaviour o f  titanium  in  d if fe r e n t  concen trations o f  
form ic ac id  may he explained  hy assuming th at so lu b le  complexes are formed 
in  the concentration  ranges where corrosion  occurs and th a t Ti02 i s  formed 
d ir e c t ly  on the m etal surface in  th e  range where the m etal i s  p a s s iv e .
The so lu b le  complexes formed may d if fu s e  in to  th e  hulk  e le c tr o ly te  and 
become hydrolysed  to titanium  oxide vhich  thus forms away from th e  m etal 
su r fa ce . On the o th er  hand in  concentrated formic a c id  i t  i s  considered  
th a t the so lu b le  complexes ra p id ly  hydrolyse to  T i02 which i s  p r e c ip ita te d  
im m ediately on the m etal surface as a yellow  c o a tin g .
Type (a) B a rr ier  film s in  form ic a c id
The weight lo s s  versus concentration  curve (F ig .ifj)  fo r  titan ium  
(p lo t te d  on a r e la t iv e  sca le ) a f t e r  anodic p o la r iz a tio n  in  form ic ac id  
( fo r  Ijh a t 25°C) has been observed to  fo llo w  a s im ila r  p a ttern  to  th a t  
which has been obtained (P ig .i6 )  u sin g  th e  values g iven  b y  Lane, Golden 
and Ackerman (4-2) fo r  th e corrosion  o f titan iu m  in  s im ila r  concen trations  
o f form ic a c id  at a temperature o f 35 °C (f ig u r e s  fo r  25°C are not available).
T his curve contain s a corrosion  minimum a t 'JO to  3&/o v /v  form ic ac id  (F ig .  
15) and a lso  shows a cer ta in  s im ila r ity  to  the w eight lo s s  versus  
concen tration  curve fo r  titanium  in  sulphuric a c id  which has "been found "by- 
Golden, Lane and Acheiman ( 71) to  have a corrosion  minimum at 50 to  ~J0ffo 
sulphuric a c id  ly in g  between two maxima (Lflfo wt fo and 80% wt °/o) , Ma and 
Feres ( 4) con sid er that the s o lu b i l i t y  o f  titanium  in  su lphuric a c id  a t  
low concentrations i s  probably due to  th e form ation o f complex an ion s, 
[ t i C s o ^ ] - 23 The ra te  o f  form ation o f t h is  complex i s  considered to  
in crea se  vd.th a c id  concentration  in  the lower concen tration  range and 
reaches a maximum a t bfiffo* However, as the a c id  concentration  becomes 
g rea ter  than 40% amd approaches 65%, the complex anions are considered to  
decompose in to  titan iu m  d ioxide and sulphuric a c id .  The maximum ra te  o f 
decom position i s  around 65% and a t th is  com position the complex i s  no 
lo n g er  s ta b le  and d ir e c t  form ation o f a titan ium  oxide f ilm  on th e  m etal
surface accounts fo r  the p a s s iv i ty  o f the m eta l. Beyond 65% another type  
o f  so lu b le  complex ion  ^ i 0 2(S04) x ]  i s  probably formed.
Although d e t a i l s  o f  complex form ation between titan ium  and formic 
a c id  are not a v a ila b le , i t  i s  p o ss ib le  th a t th ey  form in  a lim ite d  range 
o f con cen tra tion . I t  i s ,  however, extrem ely d i f f i c u l t  to  determine the  
a ctu a l ex ista n ce  o f complexes because o f  rap id  h y d r o ly s is .
Titanium d iox id e  (anatase) has a lso  been observed (u sin g  e lec tr o n  
d if fr a c t io n )  to form a t  the concentration  corresponding w ith  the corrosion  
minimum when titan ium  i s  a n o d ica lly  p o la r ized  in  form ic a c id . T h is  
coatin g  o f the h ig h ly  re fra c to ry  anatase i s  considered to  be resp on sib le  
fo r  th e  p ro tec tio n  o f  th e m etal a t  t h i s  p a r tic u la r  concen tration  and i t  i s
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considered th a t a so lu b le  com p lex(p ossib ly  complexes) are probably formed 
a t the h igh er  and low er concentrations where corrosion  occu rs. Cotton ( 70) 
has shown that titan ium  corrodes when m aintained a t a p o te n tia l  between  
- 0 .75V a n d +0 .75V (r e la t iv e  to  the saturated  calom el e le c tr o d e ) , but th at  
i t  i s  p assiv a ted  a t  anodic p o te n tia ls  grea ter  than+0«75V. According to  
Hoar (72) a so lu b le  product i s  formed a t the lower p o te n t ia ls ,  but as th e  
p o te n t ia l i s  ra ised  i t  then becomes large  enough fo r  the form ation of 
titan ium  d iox id e  to  be thermodynamically p o ss ib le*
Conclusion
I t  i s  p o ss ib le  to  conclude by making a comparison w ith  th e  chemical 
corrosion  o f  form ic a c id  th a t the anodic behaviour o f  titan ium  observed in  
the p resen t study i s  r e la te d  to  i t  a-ohom ioal-propcrtioG * T his i sK A
p a r t ic u la r ly  true in  th e  range 70% to  96% v /v  where b a r r ie r  f ilm s  can be 
obtained up to  h ig h  vo lta g es*
B a rrier  film s formed a t e lev a ted  temperatures
B arrier  film s occur at temperatures above 5 0 °C even a t  
concentrations o f form ic a c id  which g ive a m icro -p itted  film  a t  room 
temperature (25°C) .  The form ation v o lta g es  obtained a t h igh  temperatures 
are very  low and gas ev o lu tio n  ra p id ly  becomes the predominant p r o c ess . 
T his i s  considered to  be due to an in crease  in  the e le c tr o n ic  co n d u ctiv ity  
o f the oxide a t e lev a ted  tem peratures. The same phenomenon has been  
observed to  occur when titanium  i s  anodized in  many other e le c t r o ly t e s ,  
i . e .  h igh  form ation v o lta g es  occur a t 25°G but on ly  lov/ form ation  
V o lta g es , l e s s  than 20V, and very  th in  b a r r ier  film s  are formed a t  
e lev a ted  tem peratures* During a study o f th e form ation o f b a r r ie r  film s
160
on aluminium and oth er m etals Charlesby (73) found th a t in  the case o f  
zirconium  the e le c tr o n ic  current i _  (which rep resen ts gas evolu tion) obeys 
the r e la t io n s h ip :-
i__ = 2A__ sirih B__F
where A_ = A0exp(-U /kl)
B__ = ae/kT
where U i s  the heighb o f  an energy b a r r ie r  o f  h a lf-w id th  a , T i s  the  
ab so lu te  temperature and k i s  Boltzmann’ s constant*
He found th at the e le c tr o n ic  current was about 33 tim es g rea ter  a t  
'100°C than th at a t 19»5°C (and 1(0 tim es greater  than th at a t 4°o) » I f  the  
t o t a l  current ( i  + i  ) i s  m aintained constant by u sin g  a constant current
*T
supply then the io n ic  current i  would be expected to  f a l l  accordingly*  
As th e t o t a l  current was m aintained constant when titan iu m  was 
anodized in  1% form ic a c id  a t temperatures grea ter  than 50 °C i t  i s  ev ident 
th a t there i s  a decrease in  io n ic  current i + ( i . e .  a decrease in  
e ff ic ie n c y )  lead in g  to very  low maximum form ation v o lta g es  ( l e s s  than 20V) , 
which are much low er than th e  form ation v o lta g e  required fo r  m icro p ittin g  
(60V) . In  a d d itio n , ox id a tio n  o f formic a c id  i s  probably k in e t ic a l ly  
o a s io r  a t  e lev a ted  tem peratures c . f .  ox id ation  o f o x a lic  a c id  w ith  
permanganate* As th e ox id ation  p o te n t ia l o f the hydroxyl ion  
E°qyi~/q = "1 *23V) i s  h igh  compared w ith  th a t o f  th e formate anion
^°HC00’~/C0 = ox id a tion  o f formate to  carbon d iox id e  i s  more
l ik e l y  to  occur. Gas a n a ly s is  has shown th at both carbon d ioxide and 
oxygen are evolved in  1% form ic a c id  and th a t grea ter  q u a n tit ie s  of 
carbon d iox ide than o f  oxygen v/ere observed to  be evolved  a t h igh er
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tem peratures* I t  should he observed, however, th at the h igh  current 
required to  generate s u f f ic ie n t  gas fo r  measurement made accurate  
temperature co n tro l d i f f ic u lt *  E volu tion  o f  carbon monoxide vra,s found to  
occur during the form ation o f a th ic k  non-adherent oxide ( 9lf° form ic 
acid) .
Type (b) Thick .yellow non-adherent oxide film s
The ev o lu tio n  o f  on ly  carbon monoxide in  th is  case compared w ith  
the evo lu tion  o f  carbon d iox ide and oxygen during the form ation o f  micro­
p it te d  o r  b a r r ie r  film s  in  form ic a c id  i s  probably due to  a d if fe r e n t  mode 
o f c a ta ly t ic  decom position o f  the form ic a c id . I t  i s  considered th at a t  
t h is  concentration  th ere i s  in s u f f ic ie n t  w ater present to  a llow  a rea ctio n  
v/hich r e s u lt s  in  the form ation o f a p r o te c tiv e  b a r r ie r  f ilm  (anatase) *
Jenkins (74) rep orts the occurrence o f a ye llo w  brown, porous f ilm  
o f r u t i l e  during the h igh  temperature o x id a tion  o f titanium *
Type (c) M icrop itted  film s
I i r - i r - i -  ~r-n*|-im—f  n"i ■*-> ■iim-ii - w i  i > mwMi-ini ■ i     mu m n « i
In  view o f  th e  importance o f p i t t in g  in  th is  work, i t  i s  o f  
in te r e s t  to  review  the th eo r ie s  which have been proposed to  ex p la in  the  
phenomenon o f p i t t in g  caused by ch lorid es*  Although many w id ely  d if fe r in g  
th eo r ie s  may be found in  the l i t e r a tu r e  to  exp la in  lo c a l is e d  p i t t in g  th ey  
a l l  have w eaknesses. This i s  understandable in  view o f  the nature o f  
p i t t  ing and the fa c t  th a t co n d ition s in  the p its , may be w id ely  d if fe r e n t  
from those in  the bu lk  e le c tr o ly te  •
The adsorption  theory was advanced in  •1945-47 a s a r e s u lt  o f  the  
Yrork o f Ershler, H ick lin g  (75) and K a b a n o v ,  B u rste in  and Frumkin (76) and 
p o stu la te s  th a t p i t t in g  a tta ck  r e s u lt s  because ch lorid e  io n s d isp la ce
162
adsorbed oxygen and thus prevent i t  from p a ss iv a tin g  th e metal* I t  i s  
p o stu la ted  th at whereas adsorbed oxygeni p ro tec ts  th e  m etal surface from  
a tta ck , the p a ssiv e  s ta te  i s  destroyed hy the p r e fe r e n tia l adsorption  of 
ch lorid e  ion s *
The im p erfection  th eory  m s  proposed by Seligman and W illiam s (7?) 
in  1920 to exp la in  the p it t in g  corrosion  o f  aluminium* They s ta te d  th a t  
p i t t in g  would on ly  occur i f  c rev ices  or subsurface c a v it ie s  were 
o r ig in a l ly  present in  th e  m eta l.
Evans ( 78) proposed the p e p tiza tio n  theory in  1922 to  exp la in  the  
p it t in g  ten d en cies  o f h a lid e  s a lts *  Assuming th a t th e p a s s iv i ty  o f  iron  
was due to  a surface oxide la y e r , Evans proposed th a t ch lorid e  ion s could  
convert t h i s  la y e r  to  a c o l lo id a l  suspension a t is o la te d  p o in ts  on th e  
su r fa ce , thus a llow in g lo c a l is e d  p it t in g  to  occur*
In  1927 Evans (79) suggested  th a t the ch lorid e  io n  due to  i t s  sm all 
io n ic  diam eter was ab le  to  p en etrate  th e  p r o te c tiv e  oxide la y e r  o f  iron  
and cause p it t in g *  B r itto n  and Evans (80) claim  to  have proved t h is  th eory  
in  1930 but Burwell and May (81) proved in  1948 th a t the corrosive  a c tio n  
o f the ch lorid e  ion  i s  not due to i t s  pen etratin g  a b i l i t y .
The a c id  th eory , which i s  the most g en era lly  accepted th eory , 
proposed by Hoar (82) , p o stu la ted  th a t th e pH changes occurring a t anode 
areas can r e s u lt  in  lo c a l is e d  p it t in g *  M igration o f  ch lorid e  ion s to  
lo c a l is e d  anodic areas r e s u lt s  in  an in crease  in  the a c id it y  a t th ese  
reg ion s and when the pH i s  low enough, the m etal w i l l  d is so lv e  as a so lu b le  
s a l t  in stea d  o f forming a p r o te c tiv e  m etal oxide or hydroxide film * The 
h igh  stren gth s o f the halogen a c id s  are considered resp o n sib le  fo r  th e
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production o f a h igh er  a c id ity  at th ese  areas than o th er  io n s , e.g. sulphate. 
In  1950 P i o n t e l l i  (83) advanced the ion  exchange th eory and 
suggested th a t h ig h ly  p o la r ized  anions such as h a lid e s  ca ta ly ze  or  
a c ce le ra te  e lectroch em ica l io n  exchange p ro cesses , whereas non -p o larizab le  
anions such as p erch lorate  or sulphate retard  th ese  p r o c esses .
To exp la in  the p it t in g  o f f e r r i t e  contain ing s ta in le s s  s t e e l  a l lo y s  
Acherman ( 84) suggested  that lo c a l is e d  a tta ck  vra,s caused by m agnetic p o les  
on th e  m etal surface*
The v a r ie ty  o f th e o r ie s  in  e x isten ce  and the fa c t  th at the  
mechanism o f  p a s s iv ity  i s  s t i l l  co n tro v ers ia l i s  an in d ic a tio n  o f  the 
d i f f i c u l t i e s  which a r ise  in  exp la in in g  p i t t in g  by ch lorid es*  In  th e  
present work i t  i s  proposed to  d iscu ss  th e  mechanism o f m icro p itt in g  o f  
titan ium  in  the l ig h t  o f  th e  th eo r ie s  on lo c a l is e d  p it t in g  by ch lorides*  
D if f e r e n t ia l  oxide growth ra te  during th e in i t ia t io n  o f m icro p ittin g
B efore th e  onset o f m ic r o p itt in g , d if fe r e n t  r a te s  o f  growth o f  a 
b a r r ie r  f ilm  on the m etal surface have been d e tec ted  by the red and yellovr 
in ter feren ce  f ilm s  which form on d if fe r e n t  areas o f th e  m etal su r fa c e . 
These are d is tr ib u te d  even ly  over th e  m etal surface and the areas  
correspond to  th e  areas o f th e p i t s  which are formed subsequently* I t  i s  
considered  from th ese  observations th a t th ere i s  a uniform d is tr ib u tio n  
over th e  m etal surface o f  gra ins where oxide grovffch i s  fa s ter*
D if f e r e n t ia l  oxide growth ra te  in  a llo y s  o f  titan ium
Ence and M argolin ( 83) used a ir  ox id a tion  a t 600°C fo r  60 seconds 
as a method o f phase id e n t if ic a t io n  o f  titan ium  a l lo y s .  Thin oxide f ilm s  
were found to  grow a t d if fe r e n t  r a te s  on d if fe r e n t  phases and thus showed
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d if fe r e n t  in ter feren ce  colours* They observed th e  same phenomenon in  the  
case o f  anodic ox id ation  o f  these a llo y s*  Jacquet (86) a lso  observed t h is  
phenomenon in  the case o f  anodic film s*  Other workers have observed similar 
e f f e c t s  u sin g  an e le c t r o ly t ic  e tc h .
In  the case o f commercially pure titan ium  th ese  a c t iv e  cen tres may 
be cer ta in  grain  o r ien ta tio n s  which are uniform ly d is tr ib u te d  over the !
p o ly c r y s ta ll in e  su r fa c e . i
Crocker and Robertson ( 87) stu d ied  the adsorption o f  form ic a c id  g
[
gas on d if fe r e n t  c r y s ta l p lan es o f an e lec tr o p o lish ed  copper s in g le  c r y s t a l ,  j
The 3*6^ separation  o f atoms i s  numerous on the 100 fa c e , i t  occurs to  a 
le s s e r  ex ten t on the 110 fa ce  and th ere i s  none on the 111 fa c e . These 
workers found th a t t h i s  order o f fa c e s  i s  a lso  the order o f  a c t iv a t io n  
en erg ies and th ey  con sid er th a t a low apparent a c t iv a t io n  energy may 
th erefo re  be favoured by 3 « &  spacings •
C ertain c r y s ta l  p lanes a c tin g  as a c t iv e  cen tres
C athart, Campbell and Smith ( 25) considered th a t during th e h igh  
temperature ox id a tio n  o f  niobium th e  ox id ation  ra te  v a r ie s  w ith  th e  ?j
c r y s ta l plane and that d if fe r e n t  oxide th ick n esses  are formed on d if fe r e n t  j
gra in s o f the m etal* Areas o f  in ter feren ce  colours were observed j
in ter sp ersed  w ith  sm all rough areas o f  w hite oxide which were shown b y  j
j
e lec tr o n  m icroscopy to  contain  b l i s t e r s .  These authors consider th a t l ik e  
titan ium  the ox id a tion  mechanism o f  niobium in v o lv es  the passage o f  the 
oxygen through the oxide to  the metal* They consider th a t the ox ide/m etal 
volume r a t io  i s  s u f f i c ie n t ly  great to  cause r ip p le s  on the oxide surface  
which in crease  w ith  in crea sin g  th ick n ess and r e s u lt  in  lo c a l is e d  s tr e s s e s
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due to  lo c a l is e d  a c ce le ra tio n  o f oxidation* Such, s tr e s s e s  lea d  to  th e  
form ation o f  b l i s t e r s ,  and underlying p it s *  These workers consider th a t  
once th e su rface i s  p it te d  the same mechanism would permit continued crack  
form ation in  th e newly formed oxide* An o p t ic a l micrograph o f  a c r o ss -  
se c tio n  shows th a t p i t t in g  o f  the m etal surface has occurred under the  
b l i s t e r s .  These authors consider th a t a s im ila r  mechanism i s  resp on sib le  
fo r  the c r y s ta l l iz a t io n  o f tantalum* Bakish ( 24) a lso  considers th a t the  
c r y s ta l l iz a t io n  o f  tantalum during ox id a tion  at 750°C i s  due to  c r y s ta l  
growth by n u clea tion  a t  100 p lan es and th a t  th e  h igh er a c t iv i t y  o f  the  
plan es may be due to  d is lo c a tio n s*  Verm ilyea (8 8 ) , however, has shown by  
photographing tantalum before  and a f t e r  anodizing th at n u clea tio n  can 
occur a t is o la te d  p o in ts  contain ing im p u r itie s .
Adsorption p ro p erties  o f form ic a c id
Although th e  adsorption th eory  o f  lo c a l is e d  p i t t in g  by ch lo r id es  i s  
based on a theory o f p a ss iv a tio n  which has not been proved, ( i . e .  th a t  
oxygen i s  adsorbed onto the m etal surface) i t  i s  n ev erth e less  o f  in te r e s t  
to  con sid er adsorption  o f form ic a c id  in  connection -with m ic r o p itt in g .
According to  T rapnell (89) adsorption  o f a gas onto a s o l id  surface  
may occur over a la rg e  fr a c tio n  o f  the surface area as in  the case o f  
ammonia gas on a tungsten  fila m en t, or i t  may occur over a sm all fr a c tio n  
on ly  o f th e to t a l  surface area as in  the case o f formic a c id . The gas i s  
considered to be adsorbed on ly  a t c e r ta in  a c tiv e  cen tres on the surface  
vrhich m aybe vacant l a t t i c e  s i t e s .  Formic a c id  gas i s  adsorbed onto many 
m etals or th e ir  oxides in clu d in g  titan iu m  d io x id e , platinum , rhodium e t c .  
Using some o f th ese  m ateria ls ( e .g .  platinum , rhodium e t c .)  M uller ( 90)
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and Herasymeriko (91) in v e s t ig a te d  the e le c t r o ly t ic  ox id a tio n  o f  form ic ac id  
and observed th a t th e  p o la r iz a tio n  v o lta g es  Y/ere not constant but showed 
o s c i l la t io n s .  These vrorkers considered th at the o s c i l la t io n s  in d ica ted  
th a t adsorption o f formic a c id  occurred on cer ta in  a c tiv e  cen tres  o f  
platinum  during e le c t r o ly t ic  o x id a tio n . N eith er  o f th ese  workers, however, 
stu d ied  the p o s s ib i l i t y  o f  adsorption  and e le c t r o ly t ic  ox id a tio n  o f form ic 
a c id  a t a titan ium  anode* The ev o lu tio n  o f  carbon d ioxide during 
m icro p itt in g  on com m ercially pure titan ium  may be due to  c a ta ly t ic  o x id a tion  
o f a c t iv e  cen tres such as cer ta in  c r y s ta l fa c e s , having a low a c t iv a t io n  
energy, fo r  ox id a tion  o f form ic a c id .
O xidation o f formate by platinum
M uller ( 90) explained e le c t r o ly t ic  o x id a tion  o f formic a c id  to  
carbon d iox ide and H+ , by a platinum  anode, which l ik e  titan ium  dioxide  
a c ts  as a c a ta ly s t  fo r  the decom position o f form ic a c id  gas, by an 
adsorption  th eory in vo lv in g  regrouping o f the e lec tr o n s  o f th e formate 
anion
* -'■"‘■s. * .
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The hydrogen i s  then re lea sed  as io n s according to  the equation
M/E-I — > M + H+
(The v e r t ic a l  l in e  rep resen ts th e  m e ta l/so lu tio n  boundary and th e arcs  
in d ic a te  th a t adsorption  i s  tak ing p la c e ,)
M uller fu rth er  su ggests th a t adsorption  i s  u n lik e ly  to  occur on a 
smooth platinum- (or o th er  m etal o f the platinum group) surface and th at the
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exten t o f adsorption  i s  increased  enormously i f  th e formate anion i s  
surrounded by m eta l, e .g .  when th e  m etal i s  in  the form o f  a powder so 
th a t the surface area i s  la r g e , M uller found th at e lec tro d es  o f  h igh  
surface a c t iv i t y  (p la t in is e d  platinum , rhodian ised  rhodium etc*) , r e su lted  
in  an appreciable in crease  in  the amplitude o f  o s c i l la t io n s  o f th e  
p o la r iz in g  v o lta g e . He considered th at the rea c tio n  proceeds by adsorption  
and e lec tro n  regrouping and th at th ese  p rocesses correspond w ith  the minima 
and maxima o f th e  observed v o lta g e s .
The sequence o f even ts can be summarized:
(a) ev o lu tion  o f  carbon d ioxide a t h igh  p o te n t ia ls ,  (b) f a l l  to  low  
p o te n t ia l and discharge o f hydrogen ions in to  th e e le c tr o ly te ,
(c) adsorption o f  formate and (d) ev o lu tio n  o f carbon d iox ide e t c .
I n f lu e nce o f  adsorption on m icrop ittin g
B efore an oxide film  can form i t  i s  necessary  th a t th e p o te n t ia l be 
in creased  to  a value a t which th e  oxide i s  thermodynamically s ta b le  and i s  
formed k in e t ic a l ly  more r e a d ily  than so lu b le  s p e c ie s .  Conditions w ith in  a 
p it  are undoubtedly such th a t a p r o te c tiv e  f ilm  cannot form -  th at may be 
due to  easy  adsorption o f form ic a c id  as a r e su lt  o f  roughness or the 
presence o f  d ep o sits  o f  titan ium  o x id e . The concen tration  o f current on 
exposed m etal w ith in  the p i t  may a lso  favour continued a tta c k . As a 
r e s u lt  o f  ad sorp tion ,th e  m etal w ith in  a m icropit may bo dopolax'lz ed  by
A  A A
ferm ic-a c id  (B ^ q q o" /iju2 = - Qv196) . T his lew  ■potent i a l  would prevent
p a ss iv a tio n  o f  titan ium  by oxide format ion  w ith  the consequent propagation  
o f the p i t s .  Corrosion o f titan ium  in  formic a c id  occurs when th e  
p o te n t ia l i s  more n eg a tiv e  than +1,0V (sa tu ra ted  calom el s c a le ) ( 70) .
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I t  i s  considered th a t although an oxide i s  present over th e  -whole 
o f the m etal surface i t  m i l  he very  th in  a t th e apex o f a p it*  These 
con sid era tion s are in  agreement -with the observation  that th e  ra te  of 
v o lta g e  r is e  (a t  constant current density ) a f t e r  the in i t ia t io n  o f  
m icrop ittin g  i s  n e g lig ib le  compared w ith  the r a te  o f  v o ltage  r is e  p r io r  to  
the in i t ia t io n  o f  m ic r o p itt in g , I t  i s  considered , th ere fo re , th at f ilm  
growth i s  n e g lig ib le  even on the p a ssiv a ted  areas a f te r  m ic r o p itt in g • A 
very slow ra te  o f  vo ltage  r is e  (a t  constant current den sity ) i s ,  however, 
observable as m icro p ittin g  proceeds* I t  i s ,  however, u n lik e ly  to  be due 
to  film  growth in  th e p its*  The e le c tr o ly te  in  the p i t s  i s  l i k e l y  to  have 
a very  h igh  r e s is ta n c e  ovdmg to  th e  lo s s  o f formate b y  o x id a tion  and 
d i f f i c u l t y  o f  replenishm ent by d if fu s io n  and convection . The predominant 
p rocess w i l l  be:
T i ____, T iZ*'+ H^! Ti02 ,
The s itu a t io n  i s  i l lu s t r a t e d  diagram m atically in  F ig  *30®
e le c tr o ly te
m etal
Fig*30.
Herasymenko ( 91) used revo lv in g  anodes to  remove the products o f  
o x id a tion  and concluded from h is  r e s u lt s  on the ox id a tion  o f form ic ac id  
th at two anodic p rocesses were p resen t, one o f  them c o n s is t in g  o f  
adsorption  o f the form ic a c id  onto a c t iv e  cen tres on the anode. In  the
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case o f  titan ium  th ese  a c tiv e  cen tres may he provided by cracks in  the  
oxide f i lm . The p r o b a b ility  o f e lec tro n  regrouping and adsorption  o f  
form ic a c id  would be g r e a t ly  increased  w ith in  th ese p its*
Conclusion
I t  i s  considered th a t m icrop ittin g  l ik e  lo c a l is e d  p i t t in g  may be 
divided  in to  two stages:
(a) p i t  in i t ia t io n ,
(b) p i t  propagation,
(a) I t  i s  considered th at con d ition s favourable to  m icrop ittin g  are 
produced during the d if f e r e n t ia l  oxide growth p r io r  to  a ttack  o f the 
titan ium  metal* T his occurs as th e  v o lta g e  r i s e s  from a very  low value to  
60V and produces a uniform d is tr ib u tio n  o f cracks over the oxide su r fa ce ,
(b) P i t  propagation may be due to  a s p e c if ic  property o f form ic a c id  such 
as adsorption  o f formic a c id  and p er io d ic  reduction  o f th e  cracked areas to  
a low p o te n t ia l a t  which corrosion  can occur. Titanium complexes may then  
be formed which d if fu se  in to  the bulk e le c tr o ly te  and hydrolyse to  g ive a 
Y f h i t e  p r e c ip ita te  o f titan ium  d iox ide (anatase) .
Type (d) B a rr ier  film s i n satura ted borax so lu tio n
The p la teau  observed during the form ation o f b a r r ier  film s in  borax  
i s  considered to  be due to  cracking o f the f ilm  over t h is  v o lta g e  range 
and co rr e la te s  w ith the f a l l  in  e le c t r ic a l  r e s is ta n c e  over the same v o ltage  
range, to g eth er  w ith  th e d if f e r e n t ia l  growth ra te  in d ica ted  b y  in ter feren ce  
co lours during th e form ation o f t h is  f i lm . I t  i s  considered th a t the  
d if f e r e n t ia l  growth ra te  produces s tr e s s e s  which are resp on sib le  fo r  th ese  
cracks although Young (29) has observed th e occurrence o f cracks by f le x io n
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when u sin g  f o i l  e lec tro d es  which were absent In the case o f  rod e le c tr o d e s .  
H ealing o f  the cracks probably occurs a t the time when the v o lta g e  beg in s  
to  r i s e  a ga in . Cracking and h e a lin g  has been reported by Young (29) in  
th e  case o f  other m etals* I t  i s  considered s in g if ic a n t  that th e steady  
v o lta g e  r i s e  in  the case o f 95fo y /v  form ic a c id  i s  accompanied by the  
form ation of an oxide showing a l e s s  ex ten sive  d if f e r e n t ia l  -growth r a te .  
The Mechanism of Oxidation
Hass ( l l )  has demonstrated that th e  anodic o x id a tio n  o f titan ium  
occurs by d if fu s io n  o f  oxygen ion s to  the oxide m etal in te r fa c e  u n lik e  the 
case o f aluminium where m etal ions are considered to  d if fu s e  outwards to  
the oxide so lu tio n  in ter fa ce*  Jenkins (74-) considers th a t the same 
mechanism occurs during the h igh  temperature ox id ation  o f  tita n iu m .
I t  i s  considered th a t th e  mechanism i s  co n s is ten t w ith  the  
breakdown v o lta g e  observed during th e form ation o f b a rr ier  film s on 
titan ium  in  many e le c tr o ly te s  in  the course o f  th e present work and may 
h elp  to  exp la in  th e cracks or f is s u r e s  which were observed tov Occur 
during the anodic ox id ation  o f  titan iu m .
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CONCLUSION
Introd u ction
L ocalized  a tta ck  o f  most m etals can occur under cer ta in  con d ition s  
and i s  favoured by weaknesses in  a p ro te c tiv e  oxide film * The more 
r ea c tiv e  m eta ls, however, which are s ta b le  on ly  by v ir tu e  o f  t h e ir  f ilm  
(e * g , titanium ) are the most su sce p tib le  to  lo c a liz e d  p it t in g *  Although 
favoured by d e fe c ts  in  a p r o te c tiv e  oxide lo c a liz e d  a tta ck  can occur on an 
un sh ielded  metal su r fa ce , Greene and Fontana ( 92) have d is tin g u ish ed  
between crev ice  and co n c en tr a tio n -ce ll corrosion  on the one hand, where 
attack  i s  confined to  sh ie ld ed  areas such, as crev ices  and p it t in g  on an 
un sh ielded  m etal surface* They describe the former as "attack lim ite d  to  
surface a.reas sh ie ld ed  from e le c tr o ly te  so lu tio n  regard less  o f structure" • 
Most m etals and e le c tr o ly te  so lu tio n s  w i l l  g ive r is e  to  crev ice  corrosion  
under su ita b le  con d ition s o f geometry, whereas p it t in g  on an unsh ielded  
surface w i l l  occur on ly  in  cer ta in  e le c tr o ly te  s o lu t io n s , e*go ch lorid es*  
They consider th a t th ere i s  no adequate theory capable o f exp la in in g  th e  
mechanism o f  lo c a liz e d  p it t in g *
On the o th er hand S d ia fer , G abriel and F o ster  (93) suggest th a t  
crev ice  and p i t t in g  corrosion  are id e n t ic a l  p r o c esse s , They con sid er th at  
both depend on the conjo in t a c tio n  o f  d i f f e r e n t ia l  aera tion  and formation  
o f  a c id  at the anodic areas and th a t d i f f e r e n t ia l  a era tio n  i s  not the on ly  
fa c to r  which i s  resp on sib le  fo r  lo c a liz e d  attack* They conclude that 
p it t in g  i s  a l im it in g  case o f crev ice  corrosion  -  m acroscopic geom etrical 
fa c to r s  determine in i t ia t io n  o f c rev ice  corrosion  -  random m icroscopic  
fa c to r s  determine s i t e s  o f  p it  in i t i a t io n .
A ziz and Godard (94-) have suggested  that p it t in g  should he d iv id ed  
in to  two. separate stages (a) p it  in i t ia t io n ,  ("b) p i t  propagation and Evans 
(95) has considered the various surface d e fe c ts  which may provide s i t e s  fo r  
in i t ia t io n  o f attack:* Greene ( 96) has po in ted  out, however, th at the term.
?p it  i n i t i a t io n ’ has not been a ccu ra te ly  d efin ed  by previous authors*
P o te n t io s ta t ic  s tu d ies  by Franck (97) suggest th a t the p o te n t ia ls  o f  
th e  anodic and cathod ic areas of a m etal undergoing p it t in g  corrosion  d i f f e r  
app reciab ly  due to  the high e le c tr o ly te  r e s is ta n c e  a t th e  p i t / s o lu t io n  
in ter fa ce*  In  the p i t s  an e le c tr o  p o lish in g  process tak es p lace  which keeps 
the current d e n s ity  a t the p i t s  constant and independent o f  p o ten tia l*
Under th ese  circum stances the p o te n tia l w ith in  th e  p it  i s  m aintained w ith in  
the a c t iv e  region  w h ils t  the p o te n t ia l o f the surrounding m etal surface i s  
kept w ith in  the p a ssiv e  region* This r e s is ta n c e  p o la r iz a tio n  theory  
endeavours to exp la in  why p it  growth i s  independent o f p o te n t ia l by  
su ggestin g  that changes in  the r e s i s t i v i t y  o f  so lu tio n  at the p it /s o lu t io n  
in te r fa c e  w i l l  m aintain the p o te n tia l w ith in  the p i t s  a t a constant value*  
E le c tr o ly te  s o lu t ion
P i t t in g  u su a lly  occurs in  so lu tio n s  o f  h a lid e s  or  hydrogen anions o f  
h a lid e s  -  c h lo r id e s , bromides and th e  h yp och lorites  are the most agg ressiv e  
w hile  f lu o r id e s , io d id es  and io d id e-co n ta in in g  anions e x h ib it  n e g l ig ib le  
p i t t in g  tendencies*  S o lu tio n s are u su a lly  near n eutra l as s tro n g ly  a c id  
so lu tio n s  may produce uniform attack*
I t  i s  considered th a t the d is t in c t io n  be Ween a sh ie ld ed  and an 
un sh ield ed  m etal surface made by Greene and Fontana ( 92) may be ap p lied  to
the present work and th a t the reg ion  in s id e  a m icropit may he regarded as 
a sh ie ld ed  metal surface* In  a d d itio n , the d is t in c t io n  between p it  
in i t ia t io n  and p i t  propagation drawn by A ziz and Godard (94) i s  relevant  
to  the present stu d y .
In  the present work m icropit in i t ia t io n  may be d efin ed  as a process  
which i s  d is t in c t  from m icropit growth and which r e s u lt s  in  a uniform  
d is tr ib u tio n  of m icroscopic a c t iv e  s i t e s  over the m etal su rfa ce .
Mic r o p it  I n it ia t io n
The form ation o f a uniform b a r r ie r  film  would norm ally be a sso c ia te d  
w ith la te r a l  s tr e s se s  in  the oxide f ilm  w ith  a tendency fo r  form ation of 
crack s. However, any v a r ia tio n  in  the th ick n ess  o f the oxide formed b efore  
the in i t ia t io n  of m icrop ittin g  i s  l ik e ly  to g iv e  r is e  to a non-uniform  
s tr e s s  d is tr ib u tio n  w ith a grea ter  p r o b a b ility  o f form ation o f crack s. 
Assuming th at the adhesion o f th e oxide to the m etal i s  independent o f  
th ick n e ss , i t  i s  considered th at rupture w i l l  occur on th e  th in n er  areas  
o f o x id e •
The above con sid era tion s show that the cracks w i l l  form a t  a cer ta in  
sta g e  in  th e  anodizing process and th at th ese  cracks w i l l  probably occur on 
the th in n er  oxide film  (2nd order yellow ) as a r e s u lt  o f  com pressional 
s tr e s s e s  caused by expansion o f  the th ick er  oxide la y e r s .  I t  i s  now 
n ecessary  to  exp la in  why the p i t s  are propagated a t th ese  areas and why the 
oxide does not h e a l .
Micro p i t  propagation
Since crack form ation i s  fo llow ed  by h ea lin g  in  su lphuric a c id  but 
by m icro p itt in g  in  form ic a c id  i t  i s  apparent that m icropit propagation i s
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due to the s p e c if ic  nature o f formic acido I t  i s  r e le v a n t , th ere fo re , to  
note the s p e c if ic  p ro p erties  o f formic a c id  which may r e s u lt  in  p it  
propagation rather than h ea lin g  o f  the oxide:
( i )  the ab i3 .ity  o f fo m ic  acid  to  promote corrosion  in  cracks in  th e  
absence o f oxygen,
( i i )  the p o s s ib i l i t y  of complex form ation,
( i i i )  the reducing nature of form ic a c id ,
( iv )  s p e c if ic  adsorption ,
(v) 'bord erlin e p a ssiv ity "  •
( i )  Corrosion in  cracks In  connection w ith ( i )  i t  i s  o f  in te r e s t  
to note  th at the concentrations o f form ic a c id  which have been found to  
produce m icropit t in g  in  the present work have been shown b y  Lane, G-olden 
and Acherman (l+ 2) to be corrosive towards titanium ., In  a d d itio n , th ese  
authors consider that cracks in  the oxide are the s i t e s  fo r  in i t ia t io n  o f  
corrosion  and th a t the in a b i l i t y  o f oxygen to  d if fu se  in to  th ese  cracks 
may p a r t ly  explain  the behaviour o f titan ium  under th ese  conditionso  
( i i )  Complex fo rma tio n  Ma and Peres (b) have p o stu la ted  complex 
form ation as a p o ss ib le  exp lanation  o f the corrosive  behaviour o f titanium  
in  su lphuric a c id * Complex form ation w ith in  the cracks in  th e b a rr ier  
type oxide formed in  form ic a c id  may a lso  be resp on sib le  fo r  the 
propagation o f micro p i t s  * Complex form ation between titan ium  and formic 
a c id  does n o t , however, appear to  have been d escribed  in  the l i t e r a t u r e ,
( i i i )  Reducing nature o f formic a c id Lane, Golden and Acherman (42) 
have shown th a t corrosion  o f titan ium  in  non~aerated formic a c id  so lu tio n s  
i s  much grea ter  than in  a ir -a g ita te d  s o lu t io n s . I t  i s  p o s s ib le , th e r e fo r e ,
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th a t formic acid  -which i s  a powerful reducing agent may prevent p a ss iv a tio n  
w ith in  cracks on the oxide and thus promote m icropit t in g ,
( iv )  S p e c if ic  adsorption Formic ac id  ( in  the gaseous s ta te )  has been  
found to  adsorb on to c er ta in  m a ter ia ls  in clu d in g  titanium  diox ide ( 98) .
For reasons described  p rev io u sly  i t  i s  considered that adsorption  o f form ic 
a c id  may be more l ik e ly  to occur in  the cracks than a t  a plane su r fa c e . 
Under th ese  circum stances the p o te n t ia l w ith in  the p i t  cannot r i s e  
s u f f i c ie n t ly  for  an oxide f ilm  to  be formed c . f , the adsorption  theory o f  
lo c a l is e d  p it t in g  (75) (76) .
L o ca lised  p it t in g  o f many m etals occurs in  h a lid e  so lu tio n s  and i t  
has been found th a t one o f  the most powerful agents capable o f producing 
lo c a l is e d  p it t in g  i s  th e  Cl"" io n . The mechanism o f i t s  a c tio n  i s  s t i l l  not 
known u n eq u iv o ca lly . One th eory  i s  th at i t s  strong adsorption  on the m etal 
l a t t i c e  prevents adsorption o f  w ater or hydroxyl which i s  considered b y  
Evans (99) to  be a prelim inary stage n ecessary  for  oxide form ation. Any 
momentarily a c t iv a te d  surface (however caused) w i l l  th ere fo re  not be 
repa s s i  vat e d ,
The formate anion may have a s im ila r  a c tio n  on b ein g  adsorbed on to  
the l a t t i c e  w ith in  a micro p i t  =>
(v) "Borderline p a s s ivity"  D iffer en t c r y s ta l fa c e s  o f  a 
polycry s t a l l  ine specimen may each have a p o te n tia l b a r r ier  o f d if fe r e n t  
magnitude w ith a d if fe r e n t a c t iv a t io n  energy o f form ation o f titanium  
d io x id e . There are many examples showing that d if fe r e n t  c r y s ta l fa c e s  o f 
m etals have d if fe r e n t  e lectroch em ica l p r o p e r t ie s , Straumanis (iOO) found 
th at for  a z inc s in g le  c r y s ta l the e lec tro d e  p o te n t ia l was d if fe r e n t on
177
d if fe r e n t  c r y s ta l fa ces  during corrosion  in  a c id  so lu tio n  -  t h is  e f f e c t  
was not observed in  z in c  sulphate s o lu t io n . He showed th at d if fe r e n t  
fa c e s  of the c r y s ta l corroded a t  d if fe r e n t  r a le s  and suggested th a t t h is  
was due to im p u r itie s . I t  i s  p o s s ib le , th er e fo re , that in  so lu tio n s in  
which titanium  shows b ord erlin e  p a s s iv ity ,  c er ta in  c r y s ta l fa c e s  may be 
p a ss iv a ted  w h ile  others may corrode* As s in g le  c r y s ta ls  o f titan ium  have 
not been produced no d e f in ite  evidence i s  a v a ila b le  regarding t h e ir  
corrosion  behaviour but i t  i s  o f in te r e s t  to d iscu ss  the behaviour of 
z in c . According to Evans (101) z in c  c r y s t a l l iz e s  in  'the hexagonal system  
and develops s ix -s id e d  p i t s  on etching* These are bounded by slop in g  
s id e s  rep resen ting  pyramidal fa ce s  ydien sodium hydroxide i s  the etch ing  
agent, but by  prism fa c e s  when hydroch loric  a c id  i s  u sed . Desch (102) 
consid ers that t h i s  i s  due to  l e s s  dense atomic packing on the pyramidal 
fa c e s  than on the prism p la n es . The former are ab le  to r e s i s t  a weak 
corrosive  l ik e  sodium hydroxide but f a i l  to  r e s i s t  hydrochloric a c id .
I t  i s  considered th a t a -titan iu m  may a lso  have fa s te r  corrosion , 
th er e fo re , on the pyramidal faces on on the prism fa c e s  as a r e s u lt  o f  
i t s  packing.
Walton (103) found d if fe r e n t  ra tes  o f a ttack  on d if fe r e n t c r y s ta l  
fa c e s  o f aluminium, however, with l i t t l e  v a r ia tio n  in  the e lec tro d e  
p o te n t ia l o f in d iv id u a l c r y s ta l fa c e s .
With copper a ls o  i t  has been observed by Tammann (lOif) th a t a 
s in g le  c r y s ta l heated  in  a ir  g iv e s  in ter feren ce  colours a t d if fe r e n t  
r a te s  on d if fe r e n t  fa c e s . Dunn (105) formed d if fe r e n t  oxide f ilm s  
on d if fe r e n t  grains during the h i$ i  temperature ox id ation  o f  p o lycrysta lln e
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specimens o f  copper and b r a s s . Evans con siders th at the oxide film  formed 
( 106) v a r ie s  in  perm eability  according to the atomic packing d en s ity  and 
th at the e f fe c t  o f  corrosion  w i l l  be to  develop f l a t  fa c e s  rep resen tin g  
p lan es a long which atoms are somewhat den sely  packed. T his has been  
i l lu s t r a t e d  by Gwathmey and Benton (107) who ground a copper s in g le  
c r y s ta l in to  a spherical shape and subjected  i t  to anodic a tta ck  in  
phosphoric acid  u sin g  a concentric sp h er ica l cathode. Corrosion was not 
uniform and le d  to the appearance o f c r y s ta l fa c e s .
Corrosion on d if fe r e n t  c r y s ta l fa c e s  o f  titanium  in  form ic ac id
That general corrosion  i s  p o ss ib le  when titan ium  i s  a n o d ica lly  
p o la r ized  in  formic a c id  at 3mA/cm/ and 23°C i s  shown by the uniform  
a tta ck , r e s u lt in g  in  a non-adherent ox id e , in  concentrated form ic a c id . 
That p a ss iv a tio n  can occur when titanium  i s  a n o d ica lly  p o la r ized  in  form ic 
a c id  a t 5mA/cm2 and 25°C i s  shown by the form ation of a b a r r ier  f i lm  in  
96fo formic a c id , A s l ig h t  change in  con d ition s may g iv e  r is e ,  however, to  
the occurrence o f one ra th er  than th e  o th er  o f ‘these phenomena as shown by  
th e  sharp tr a n s it io n  from complete p a ss iv a tio n  in  96>f° formic a c id  (where 
form ation v o lta g es  o f L\-OOY are p o ss ib le )  to  complete corrosion  in  9 7 / 
formic a c id  (where form ation v o lta g es  g rea ter  than 70V have not been  
atta in ed ) . 'The occurrence o f  "borderline p a ss iv ity "  during the corrosion  
o f unpolarized  titan ium  specimens in  formic a c id , has been shown by  Lane, 
Golden and Acherman (4-2) . S ince i t  has been observed experim entally  in  
the case o f o ther m etals th a t cer ta in  c ry s ta l fa ces  may corrode whereas 
o th ers may not i t  i s  concluded th a t micro p it t in g  o f titan iu m  may be 
in flu en ced  b y  a s im ila r  phenomenon. P a ss iv a tio n  may occur on cer ta in
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c r y s ta l fa c e s  (probably those -with c lo se  packing) and corrosion  on other  
c r y s ta l fa ce s  (th ose  w ith l e s s  c lo se  packing) on a p o ly c iy s ta ll in e  
titan ium  surface which i s  a n o d ica lly  p o la r ized  in  an e le c tr o ly te  so lu tio n  
■which g iv es  r is e  to  borderline p a s s iv i t y .
Summary o f  fa c to r s  in flu en c in g  m icro-pitting
Prevention  o f  h ea lin g  in  the cracks in  th e b a r r ie r  film  may be due 
to  one of the fa c to r s  ( i )  -  ( iv ) , whereas fa c to r  (v) may have the g rea ter
in flu en ce  on the d ir e c tio n  o f  propagation o f  the corrosion  w ith in  the
m icro p its« The sequence o f  events may be summarised:
A . B arrier  film  formation and film  cracking,
B . prevention  o f  h e a lin g  in  the cracks a s shown in  P ig s .3 ^  and 3 "lb-
F ig .3 'la B efore crack form ation
current
W  V
e le c tr o ly te
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/
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Fig«31~b A fter  crack form ation
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The m ajority  o f  th e  current w i l l  tend , th er e fo re , to  go through . 
th ese  cracks (due to  th e  f a l l  in  e le c t r ic a l  r es is ta n ce ) r e su lt in g  in  a 
su b sta n tia l in crease  in  the current d e n s ity  (probably m ainly io n ic ) a t  the  
crack s, r e s u lt in g  in  a c t iv a t io n  a t  th e  cra ck s«> The d ie le c t r ic  p ro p ertie s  
o f  the oxide w i l l  cause the current through th e  p a ssiv a ted  areas to f a l l
r e s u lt in g  in  a leakage current which i s  probably m ainly e le c tr o n ic  o I t  i s
apparent, th e r e fo r e , th a t any point which s ta r ts  to  corrode continues to  
do so owing to the concentration  o f  current*
C. Corrosion i s  considered to  progress inwards and la r g e ly  in  a
d ir e c t io n  perpendicular to  th e  metal surface -  p o s s ib ly  fo llow in g  grain  
o r ie n ta tio n s  having a low  d e n s ity  o f atoms and hence a hi^h ra te  o f  
corrosion*
I t  appears, th er e fo re , from the above con sid eration s th at in  the 
case o f  m icro p ittin g  o f titan iu m  as in  the case of lo c a l is e d  p it t in g  o f  
p a ss iv e  m etals in  ch lo r id e  s o lu t io n s , there are sev era l fa c to r s  which must 
be taken in to  account to  ex p la in  the o v e r a ll  p ro cess . Although lo c a l is e d
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p it t in g  can occur in  ch lorid e  so lu tio n s  with sev era l m eta ls , e .g .  s ta in le s s  
s t e e l ,  aluminium, chromium, e t c .  the phenomenon o f  m icropit tin g  appears to  
"be confined  to the titaniuny^fom ic acid  system during anodic p o la r iz a tio n  
-  zirconium does not g iv e  a s im ila r  e f f e c t .  I t  should a lso  "be noted th at 
a c e t ic  a c id , the next homologue o f  the f a t t y  a c id  s e r ie s ,  does not show 
th is  phenomenon. A nalagies are n o t, th e r e fo r e , p o s s ib le . However, methane 
in  a c id  so lu tio n s  has a pronounced e f f e c t  on causing titan ium  to corrode 
(108) . I t  appears, th e r e fo r e , th at the f i r s t  member o f the homologous 
s e r ie s  has some unknown s p e c if ic  e f f e c t  on titan iu m .
In  a d d itio n  i t  should "be noted th a t as the mechanism of corrosion  
o f  titan ium  in  form ic a c id  i s  not understood, i t  i s  d i f f i c u l t  to  g ive a 
p r e c is e  mechanism o f  m icropit tin g*
P oss i b i l i t y  o f  m icrp p ittin g i n o ther corrosive e le c t r o ly t e s
Glauner (109) has shown th a t corrosion  ra te s  on d if fe r e n t  fa c e s  o f a 
s in g le  c r y s ta l depend on the rea g en t. In  the case o f titan ium  the 
d if fe r e n t  r a te s  o f  a tta ck  may "be l e s s  u sing  say su lphuric than formic a c id .  
Although the d i f f e r e n t ia l  ox id a tio n  ra te  i s  a phenomenon which occurs when 
titan ium  i s  a n o d ica lly  o x id ised  in  many e le c tr o ly te  so lu tio n s  i t  does not 
fo llo w  th at d i f f e r e n t ia l  corrosion  should a lso  occur in  many e le c t r o ly t e s .  
D iffe r e n t oxide growth r a te s  on d if fe r e n t  grain  o r ien ta tio n s  of titanium
were observed in  n on -corrosive e le c tr o ly te s  such as saturated  borax
>
so lu tio n  but i t  i s  ev ident that a d if f e r e n t ia l  ox id a tion  ra te  alone w i l l  
not be s u f f ic ie n t  to  in i t i a t e  and propagate m ic r o p its . In  t h is  connection  
i t  i s  o f  in te r e s t  to  compare the behaviour o f  titan ium  in  su lph uric a c id , 
satu rated  borax so lu tio n  and the concen trations o f formic a c id  which
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produce m icropit ting* In  a l l  three so lu tio n s  (a t  25 °C) a d if f e r e n t ia l  
oxide growth ra te  i s  observed i n i t i a l l y  and i s  fo llow ed  b y  b l i s t e r in g  of 
the oxide and crack form ation a t about 60V presumably due to com pressional 
s tr e s se s  as described p r e v io u s ly . In  the case of saturated  borax so lu tio n  
h ea lin g  occurs and film  formation continues accompanied b y  a steady r is e  
in  form ation vo ltage  (a t  constant current density ) « Titanium i s  not found 
in  so lu tio n  as expected  from the non -corrosive nature o f saturated  borax  
s o lu t io n . In  1^ sulphuric a c id , however, th ere  i s  no fu rth er  s ig n if ic a n t  
in crease  in  film  th ick n ess  or appreciable r is e  in  the formation vo ltage  
above 60-90V. This i s  due to  r e p e t it iv e  f ilm  cracking and h ea lin g  
observable in  the form o f spontaneous sparks a t  the p o in ts  o f  breakdown* 
Small q u a n tit ie s  o f titan ium  en ter  the so lu tio n  presumably due to  s l ig h t  
a tta ck  o f the a n o d ica lly  formed o x id e . In  more corrosive  concentrations  
o f  su lphuric a c id  uniform corrosion  o f  the m etal occurs and there i s  no 
tendency fo r  m icropit form ation. In  1^ form ic a c id , however, immediate 
attack  occurs a t the cracks in  the oxide and p en etrates deep ly  in to  the 
m etal w ithout spreading la t e r a l ly  over th e  m etal su r fa ce . M icrop ittin g  
i s  observed and titan iu m  i s  found in  s o lu t io n .
I t  i s  concluded that oxide cracking and corrosiven ess o f th e  
e le c tr o ly te  so lu tio n  are not the on ly  fa c to r s  required  to produce
m icro p ittin g . Other fa c to r s  are not on ly  involved  but are considered to
;
be fundamental to the m icro p ittin g  p ro cess . Any theory proposed to  
ex p la in  m icro p itt in g  must th ere fo re  in c lu d e  the in flu en ce  o f  o th er fa c to r s  
such as the s p e c if ic  p rop erties  o f  form ic a c id  described  p rev io u sly  in  
paragraphs ( i )  -  (v) r e s p e c t iv e ly .
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C onditions fo r  producing micro p it te d  surfaces on titan ium
The fo llow ing  d e t a i l s  describe how a m icrop itted  surface can be 
produced on a titan ium  su rface. I t  should be observed, however, th at 
l i t t l e  inform ation i s  a v a ila b le  on the p r a c t ic a l a p p lic a tio n  o f t h is  
surface a s  the research  carr ied  out has been concerned w ith the phenomena 
o f  m icro p itt in g  ra th er  than w ith  i t s  p o s s ib i l i t i e s  as a method o f  
preventing a n ti -g a ll in g  „ Work carried  out by Tube Investm ent Research  
L aboratories (Dr. G-.W. Rowe) has shown th a t the m icrop itted  surface  
fa c ilita te s -d r a w in g  but on the o th er  hand I .C .I .  con sid er that the process  
has no advantage over the phosphoric a c id -su lp h u ric  a c id  anodizing process  
where homogeneous film s  are produced to f a c i l i t a t e  drawing.
No mechanical surface preparation  i s  necessary.but i t  i s  recommended 
th a t a f t e r  degreasing a quick etch  in  1+Ofo KNO ,^ J)Ofo HpSOj ,^ 30/  HD 
f a c i l i t a t e s  the m ic r o p itt in g . A lte r n a t iv e ly , Immersion in  hot concentrated  
hyd roch loric  a c id  fo r  5 minutes can be u sed .
Anodizing
A 1 fo so lu tio n  of formic a c id  in  water (tap  water can be used) i s  
p referred  although i t  should be noted  th at fo im ic a c id  and sodium formate 
so lu tio n s  (e ,g «  0„5/> sodium formate) appear to g ive  m icrop itted  su rfaces  
moire q u ick ly  during an o d iz in g . Howrever, the nature o f  the oxide f ilm  from 
the two so lu tio n s  appear to  be d if fe r e n t  and the film  produced from the 1 /  
form ic a c id  so lu tio n  i s  p referab le  fo r  drawing*
During anodizing the c«d* i s  m aintained constant a t  5mA/cm2 end the
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v o lta g e  in crea ses  s lo w ly  reaching a maximum o f about 150V in  2*h. 
M icrop ittin g , .however, commences a f t e r  about 10 minutes and the t o t a l  time 
o f  anod izing should be about 1h when the v o lta g e  w i l l  have a tta in ed  a 
value of approxim ately 120V.
The temperature of the bath should be m aintained a t 20°C and, as  
heat i s  generated during anodizing, w ater coo lin g  may be n ecessa ry . I t  i s  
p referab le  to s t i r  the so lu tio n  to  prevent lo c a l  overheating o f the  
e le c tr o ly te  in  the v ic in i t y  o f  the tita n iu m .
Although the m ajority  o f the work has been ca rr ied  out on 
com m ercially pure titan ium  the process can be used for o th er a llo y s  o f  
titan iu m , e .g .  i\fo A l, Lffi Mg a l lo y .  A llo y s  contain ing high percentages of 
molybdenum cannot be trea ted  s u c c e s s fu lly  by t h is  process ->
Surface
The surface appearance v a r ies  according to  the e le c tr o ly te  u sed .
W ith 1% formic a c id  the surface i s  coated w ith  an ir id e sc e n t grey  oxide
f ilm  which i s  s tro n g ly  adherent to the su b strate  whereas in  0.5% formic
a c id  + 0.5% sodium formate the surface oxide i s  l ig h t  grey and tend s to
be le s s  adh erent. In  a d d itio n , the m etal contain s m icrop its which have
been estim ated  to' b e approxim ately 2*..5 x 10"*-^ cm in  depth. From the
ov o lta g e  a tta in ed  the th ick n ess o f  the oxide film  i s  about 2800A and, 
although th ere  i s  no d ir e c t  evidence to  support th is  view , i t  i s  
considered  th at t h i s  oxide coats the in te r io r  surface o f the p i t s  as w e ll  
as the unattacked surface o f  the m etal 0
The p i t s  have the a b i l i t y  to  r e ta in  lu b rica n ts  which should le s s e n  
the tendency fo r  g a ll in g  o f  titan iu m  during fa b r ic a tio n  or in  s e r v ic e .
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Micropitting of Titanium during Anodic 
Oxidation in Formic Acid
T h e  anodic oxidation of titan ium  in th e  m ajority  
of electrolytes (sulphuric, phosphoric, boric acid, etc.) 
results in  th e  form ation of a  th in  homogeneous 
dielectric oxide film of titan iu m  dioxide (amorphous 
or crystalline). A t constant current the  po tential 
increases w ith  increasing film thickness, and, if  the  
po ten tia l is th en  m aintained constant, the  ionic 
curren t decreases rap id ly  and  th e  curren t becomes 
alm ost entirely  electronic. In  these circumstances, 
providing film breakdow n does no t occur, film growth 
practically  ceases and  oxygen evolution becomes the 
predom inant electrode process.
In  chloride electrolytes, however, film growth 
proceeds up  to  a po ten tia l of ~  12-14 V., and  if th e  
po ten tia l is increased above th is  value film breakdown 
occurs, and  titan iu m  ions pass in to  th e  electrolyte, and 
are then  precip ita ted  as titan iu m  dioxide. Corrosion 
of the  titan ium  is confined to  a relatively few, widely 
dispersed, small areas of th e  m etal surface w ith  the, 
consequent form ation of gross p its  while th e  rest of 
th e  surface, which is coated w ith  the  initially  form ed 
anodic oxide, rem ains passive.
Ih iring  a  s tudy  of th e  anodic oxidation of titan iu m  
in various electrolytes it has been found th a t  formic
90
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Fig. 1. Effect o f concentration and temperature on the anodic 
behaviour o f titanium in formic acid. A,  Homogeneous dielectrio 
oxide film s; B,  transition zone where homogeneous films show 
evidence o f m icropitting; G, m icropitting; D ,  thick yellow  
non-adherent oxide film s; E,  transition zone between A  and Ii
